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“We never experiment with just one electron or atom or (small) molecule. In thought
experiments we sometimes assume that we do; this invariably entails ridiculous con-

sequences ... we are not experimenting with single particles, any more than we can

raise Ichthyosauria in the zoo.”

Erwin Schrédinger
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Conjugated polymers are a class of materials which acquired an increasing scientific
interest in recent decades, due to their distinct photophysical properties. A conse-
quence of their unique chemical structure, characterised by a system of delocalised
n-electrons, their properties makes them suitable for optoelectronic applications. In
this project we studied the optical properties in single molecule domain of a polycar-
bazole type conjugated polymer, poly[N-9’-heptadecanyl-2,7-carbazole-alt-5,5-(4’,7’-
di-2-thienyl-2,1’, 3’- benzothiadiazole)], commonly known as PCDTBT by means

of single molecule spectroscopy and fluorescence blinking.

Photoluminescence spectroscopy, characterised by multiple chromophore fluores-
cence emission, and lifetime imaging of PCDTBT single molecules suggest an emis-
sion mechanism based on intrachain energy transfer. We then use photo blinking
measurements to reveal the mechanism responsible for the intermittent fluorescence
emission as well as the origin of the material’s emission. Three fluorescent states were
observed, which is an indication of intramolecular aggregates that allow direct en-
ergy transfer between various chemical groups composing the polymer backbone. A
statistical analysis of the measured fluorescence time traces shows that a tunnelling
mechanism is present in the sample which is likely responsible for the intermittent

fluorescence emission.






Acknowledgements

This work was funded by the ACRITAS FP7 Initial Training Network (www.acritas.eu),

in the form of a Marie Curie fellowship.

I would firstly like to thank my supervisor, Dr. Ashley Cadby, for his assistance,
support and the opportunity to work on this project.

Next I wish to thank Cvetelin Vasilev (Department of Molecular Biology and Biotech-
nology, University of Sheffield) for his help in optimising the experimental set-up

automation.

I also thank James Kingsley (Ossilla) for providing the conjugated polymer used in
this study as well as Stuart Harris (Zeon chemicals Europe Ltd.) for supplying the

Zeonex polymer matrix, used in sample preparation.

Lastly, I would like to thank my family for their support in my long endeavour at
the University of Sheffield.

vii






Contents

[Abstractl

[Acknowledgements|

[List of Figures|

(1 _Introduction|

1.1 Outhne of workl

[1.2.2  m-conjugated polymers . . . . ..

[1.2.3  Morphology change with optical properties| . . . . . . . . . ..

(1.3 List of publications| . . . . . . ... ...

[2

Background|

2.1 Polymers[. . . . . . . ...

[2.2.2  Synthesis| . ... ... ... ...

[2.3  Properties of t-conjugated polymers|. . .

[2.3.1 Absorption of light| . . . . . . ..

2.3.2 FExcited states . . . . .. ... ..

p3.21

The Jablonski diagram) .

D320

oinglet and triplet states|

1X

vil

xiii



Contents X
2.3.3  Excited state lifetimel . . . . . . . . ..o 28

[2.4  Single molecule spectroscopy| . . . . . . ..o 31
[2.4.1 Identifying single molecules| . . . . . . . ... ... ... ... 34

[2.4.2  Single molecule fluorescence spectroscopy|. . . . . . . . . . .. 35

[2.4.2.1 Room temperature single molecule spectroscopy| . . . 35

[2.4.2.2  Low temperature single molecule spectroscopy| . . . . 38

[2.5 The technological importance of PCDTBT} . . . . ... ... ... .. 39

[3  Experimental Design| 41
3.1 Automationl . . . . . . ... 41
B.1.1  LabVIEW softwarel . . . . . . . . . .. ... 42

[3.1.1.1  Sample position controls| . . . . . . .. .. ... ... 43

B.1.1.2 Rasterscanl . . . ... ... ... ... ... 44

[3.1.1.3 Image capture and Huorescence spectroscopy|. . . . . 45

[3.1.2 Current automationl. . . . . . . . . . . .. ... 46

[3.1.3  Data analysis| . . . . . . ... ... ... L 49

[3.1.3.1  Analysing photoluminescence data] . . . . . . . . .. 49

[3.1.3.2  Analyzing tluorescence time trace datal . . . . . . . . 51

[3.2  Techniques|. . . . . . . . . . 52
[3.2.1 Absorption| . . . . . .. ... 53

[3.2.2  Photoluminescence] . . . . . . . ... 54

[3.2.3  'Time-correlated single photon counting . . . . . . . ... ... 55

[3.3  Sample Preparation|. . . . . .. ... ... 57

[4  The fluorescence properties of PCDTBT] 61
[4.1 Single molecule photoluminescence] . . . . . . . . ... ... ... .. 61
[4.1.1  Introductionl. . . . . . . . ..o 61

[4.1.2  Propertiesin bulk{. . . . ... ... ... ... 0. 62

[4.1.3  PL properties at different concentrations| . . . . . . . . .. .. 63

[4.1.4 PL and images at single molecule levell . . . . . . .. ... .. 65

[4.1.5 Discussion onresultsl . . . . . . ... 67

[4.2  Fluorescence lifetime imaging| . . . . . . .. .. .. ... ... ... 68
[4.2.1 Introductionl . . . . . . . . ..o oo 68

4.2.2 1TCSPC measurements . . . . . . . . . ... . ... .. .... 69

[4.2.3  Time-resolved analysis| . . . . . .. ... ... ... ... ... 70

4.2.4 Variation across concentration| . . . . . . . . . . ... ... .. 72

[>  Blinking fluorescence of PCDTBT single molecules| 75
b1 Introductionl . . . . . . . . .. 75
[>.2  Sample preparation and data collectionl . . . . . . ... ... 76
bh.3  Results and discussion| . . . . . . ..o 7
6 Conclusions| 85
[6.1 Summary| . . . ... 85




Contents

xi

.11 Automationl . . . . . . . . . . ... 85

[6.1.2  Single molecule photoluminescence] . . . . . . .. .. ... .. 86

[6.1.3  Photoblinking| . . . . .. ... ... ... ... ... ... 87

6.2 Conclusions and future workl . . . . . . . ... ... ... 88

[A Fluorescence Data Analysis Code| 91
[A.1 Main Script| . . . . . . .. 91
[A.2 Secondary Functions| . . . . . ... ... ... ... ... 94
[A.2.1 Building the 1mage| . . . . . . . . .. .. ... ... ... 94

[A.2.2  Selecting points of interest| . . . . . . . . . ... ... ... .. 94

[A.2.3 Selecting and subtracting the background|. . . . . . . ... .. 95

[A.2.4  Generating PL spectra| . . . . . ... ... ... ... ..... 96

[A.2.5 Fluorescence spectra and peak fitting| . . . . . .. .. ... .. 96

(B Fluorescence Time Trace Data Analysis Code| 99
(B.1 Main Script] . . . . .. .o 99
[B.2 Edge Analyzer|. . . . . . . . ... oo 100
[References] 103






List of Figures

1.1 The basic principle behind single-molecular spectroscopyl . . . . . . . 2
(1.2 Common resistivity ranges for conductors, semiconductors and insu- |

latorsl. . . . . . e 4
(1.3 Schematic representation of energy band diagrams.| . . . .. .. . .. )
(1.4  Examples of n-conjugated polymers commonly used for tabricating |

optoelectronic devices.| . . . . . . . ... oL 7
(1.5 The chemical structure of PFO at ditferent rotational anglesf . . . . . 9

p1

Examples of common n-conjugated polymers and the optical band gap.| 18

[2.2  The synthesis of poly(acetylene) from cyclooctatetraene| . . . . . .. 19
[2.3  The synthesis of polythiophenes.|. . . . . . . ... ... ... .. ... 20
[2.4 Regioregular poly(thipohene) synthesis method proposed by McCul- |
| lough.| . . . . . . 20
[2.5  Regioregular poly(thipohene) synthesis method proposed by Rieke| 20
2.6 The electromagnetic spectrum and energy of an absorbed photon.| . . 21
[2.7 The Jablonski diagram, showing electronic transitions for organic [
[ molecules) . . . . ... 24
[2.8 The electronic configuration of singlet and triplet states.| . . . . . .. 25
[2.9  The orientation of singlet and triplet spins and the corresponding [
| eigenvalues, in a local magnetic field (indicated by the arrow)| . . . . 27
[2.10 Schematic representation of a single polymer chain| . . . . . . .. .. 31
[2.11 Absorption and PL spectra of MEH-PPV. The narrow feature repre- [
| sents the photoluminescence spectrum of a single chromophore. Re- [
| produced with permission from [94]. Copyright 2010 WILEY-VCH |
| Verlag GmbH & Co. KGaA, Weinheim| . . . . . . ... ... ... .. 32
[2.12 Typical data recorded in single molecule experiments. a) Image of
| a sample region containing several molecules; b) Spectrally resolved
| emission of a single molecule.| . . . . .. ... .00 000000 33
[2.13 Examples of two single molecule fluorescence spectra ot MEH-PPV. |
| Adapted from [ITI]]. . . . . . . .. ... ... 35
[2.14 Fluorescence blinking and lifetime of a MEH-PPV molecule. Reprinted [
| with permission from [115]. Copyright (2008) American Chemical So- |
[ CletY. . . . e 36
[2.15 The quenching of a single polymer chain. Reprinted from [116], with |
| the permission of AIP Publishing] . . . . . . . . ... ... ... ... 37

xiil



List of Figures xiv

[2.16 Low temperature fluorescence emission ot MEH-PPV. The solid curve |
| 1s the cumulated PL originating from a group of MEH-PPV sin- |
| gle chains. The gray bars are examples of SM fluorescence spectra. |
| Reprinted from [119], Copyright (2004), with permission from Elsevier.| 38

[2.17 The absorption spectra of a PCDTBT thin film exposed to high tem-

‘ perature in a) air b) No. Reproduced with permission from 125].

[ Copyright 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim| 40
[3.1 Automation software flowchartf. . . . . . . . .. ... ... ... .. 42
[3.2  Control sottware front panels. . . . . . ... ... ... ... ... . 43
[3.3  Block diagram for coarse sample position controll. . . . . . . . . . .. 44
[3.4  Block diagram for fine sample position controlf . . . . . . . . ... .. 45
[3.5  Block diagram for raster scan| . . . . . ... ... ... 45
[3.6  Block diagram for image capture, . . . . . . ... ... ... ... 46
[3.7  An example of frame generated by the experimental set-up. 'The |

| bright line is a fluorescence spectrum.| . . . . . . . . . ... ... ... 47
[3.8  Fluorescence intensity map built from data acquired by the set-up’s |

| imaging module (a) and example of PL spectrum (b)[. . . . . .. .. 48
[3.9  Example of data acquired by the fluorescence lifetime mode{. . . . . . 48
[3.10 Regions of interest, determined by the intensity threshold (a) and |

| selected points of interest (b)l . . . . . ... oo oL 50
[3.11 Figure generated by the edge detection code. The detected edges are |

[ shown in bluel . . . . . . ... 52
[3.12 The Jablonski diagram, showing the absorption and fluorescence pro- |

L Cess] - o o 53
[3.13 Schematic arrangement of the experimental set-up used for measuring |

| the absorption spectrum of PCDTBT| . . . . . .. ... .. ... ... 54
[3.14 Schematic arrangement of the experimental set-up|{. . . . . . . . . .. 55
[3.15 The operating principle of Time Correlated Single-Photon Counting| . 56
[3.16 The chemical structure of the polymer used in this study| . . . . . . . 58
[3.17 Schematic representation of the spincoating proceduref. . . . . . . . . 58
[3.18 PL spectra of a single orange bead.| . . . . . . . ... ... ... ... 59

4.1  The bulk absorption (black) and photoluminescence (blue) properties |
[ of a thin PCDTBT filml . . ... ... ... ... ... ........ 63

[4.2  Fluorescence intensity maps of a PCDTB'T film at various stages of |
dilution: a) 4 g/1; b) 4 mg/l1; ¢) 400 pg/l; d) 40 pg/l; e) 4 ng/l; ) 400 |

ng/l; g) 40 ng/L|. . . ... 64

[4.3  Series of bulk PL emission spectra recorded for PCDTBT thin films |
[ dissolved in Zeonexl. . . . . . . . .. oo 65
4.4 Typical map of PCTB'T" single molecule fluorescence emission, dis- |

| persed in Zeonex at a concentration of 5ng/l| . . .. ... 66

[4.5 Photoluminescence spectra of two PCDTBT single molecules| . . . . . 66




List of Figures XV
[4.6  Statistical distribution of the dominant emission peak, recorded tor |
[ PCDTBT single molecules. Overlapped: the bulk emission spectrum |
| of a thin film recorded in Zeonex at a concentration of 5 ng/l.| . . . . 67
4.7 Fluorescence lifetime maps of a PCDTBT film at 400 pg/l (a) and 5 |
| ng/lL(b)| . . . . 70
[4.8  Statistical distributions of the fluorescence lifetimes corresponding to [
| the tour emission peaks observed in figure [4.6{ for a PCDTBT film at [
| 400 pg/l: a) 609 nm; b) 632 nm; ¢) 647 nm; d) 675 nm| . . . . . . .. 71
[4.9  Statistical distributions of the fluorescence lifetimes corresponding to |
[ the four emission peaks observed in figure [4.6 for a PCDTB'T film at |
| 5 ng/l: a) 609 nm; b) 632 nm; ¢) 647 nm; d) 675 nm| . . .. ... .. 72
[4.10 Variation of the fluorescence litetime for PCDTBET with wavelength. |
| Blue: 400 pg/l; black: 5 ng/l. The error bars were taken as one |
[ standard deviation . . . . . . . . ... 73
[5.1 Confocal image of the polymer film surface at a concentration of 5 ng/1.| 77

(5.2 Examples of fluorescence time traces characteristic for PCDTBT sin- [
gle molecules.| . . . . . ... .. 78
(5.3 Cumulated intensity histogram of a collection of single molecule flu- |
orescence Intensity transients.| . . . . . . . . . .. ... L. 79
[5.4  Fluorescence time traces of four PCDTB'T' single molecules and cor- [
responding intensity histograms.|. . . . . ... ..o 80
5.5 On and off time distributions for 275 PCDTBT molecules . . . . . . 80
[>.6  Histograms of on and oft times for PCDTBT single molecules.| . . . . 81

[5.7

Histograms of the intensity difference between points from measured

imndividual fluorescence time traces. | . . . . . . . . . . . ... ... ..







Chapter 1

Introduction

1.1 Outline of work

1.1.1 Importance and objective

The importance of conjugated polymers has increased in the last decades, due to
their emergence as an attractive class of materials for the development of organic
electronic devices, mainly biological and chemical sensors [IH3], solar panels [4H6],
LED’s [7H9] or field-effect transistors [8, 10, I1]. One conjugated polymer of interest
in the field of optoelectronics is PCDTBT. Due to its low HOMO/LUMO levels, it
has led to an increase in the efficiency of photovoltaic devices which can exceed the
efficiencies reported for other conjugated polymers commonly used in optoelectronics
12, 13].

To use this class of polymers in the applications listed above, one must first un-
derstand their fundamental properties. Due to a certain degree of disorder in thin
polymer films, there’s a significant difference between the properties of polymers in
bulk and at nanometer scale. To overcome this limitation, Single-Molecule Spec-
troscopy (SMS) has emerged. It was initially developed as a cryogenic technique
[14] and it relies on the detection of photoluminescence (PL) emission of individual
chromophores, deposited on an inert substrate [I5] [16]. Figure shows the basic

principle on which SMS operates. Due to the limitations of optical microscopes,
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in order to image the fluorescence originating from individual emitters the concen-
tration of the deposited film must be low enough so that the physical separation

between individual molecules is higher than the device’s diffraction limit.

Microscope
Laser : :
500 600
Wavelength (nm)
Fluorescence

Fluorescence Intensity

|

FIGURE 1.1: The basic principle behind single-molecular spectroscopy

Despite the recent developments in the optoelectronic device area, there is still a
significant gap in understanding the photophysics of conjugated polymers. The final
goal of the project is to gain knowledge on the likely mechanisms involved in the
absorption and emission of light by a polycarbazole type conjugated polymer, in the
single molecule domain. Since photoluminescence (PL) experiments take a long time
and require the analysis of a large population of single emitters for any significant

statistical characterisation, a secondary objective is to automate and optimise the
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experimental procedure in order to allow acquiring and analysis of PL data for

numerous molecules in a reasonable amount of time.

1.1.2 Thesis overview

The current thesis presents a Single Molecular Spectroscopy (SMS) study on a poly-
carbazole based conjugated polymer, namely PCDTBT, which is of interest in poly-

mer electronics. It is structured in 6 chapters, as follows:

Chapter 1 gives an introduction in the field of semiconductor physics, a brief descrip-

tion of polymer semiconductors as well as the project goal and a list of publications.

Chapter 2 shows a theoretical overview on the subject discussed in this study. We
offer a general overview of polymeric materials and a description of m-conjugated
polymers. Emphasis is put on on the optical properties of n-conjugated polymers,
more precisely the absorption process and a description of excited states (polarons,
triplets, singlets) as well as the parameters that define the lifetime of excited states.
Also, we review the previous work in the field on single molecule studies as well as

a discussion on the technological importance of PCDTBT.

In chapter 3, besides the sample preparation procedure, we also describe the tech-
niques used in this study as well as an overview of the experimental set-up. Also,
we show initial design ideas regarding the automation of data acquisition a detailed

description of the current automation system

Results are shown in chapters 4 and 5. Chapter 4 is dedicated for single molecule
studies on PCDTBT, photoluminescence both in bulk and at single molecule level
followed by fluorescence lifetime measurements and time-resolved analysis of the
results. This chapter is followed by chapter 5, which is reserved for fluorescence
time trace measurements on the studied conjugated polymer and an analysis of its

molecular dynamics.

In chapter 6, we summarise the results and present the conclusions of our study as
well as possible directions for future research. Since the experimental techniques
result in a relatively large volume of data, we close this thesis with a series of
appendices which present the codes used for automatically analysing the PL and

time trace results.
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1.2 Introduction to semiconductor physics

1.2.1 Semiconductors

Based on their resistivity values solid materials are separated into conductors (mostly
metals, approximately 10® Q-cm) and insulators (10'® Q-cm). Semiconductors are
intermediates between the two categories, with resistivity values in the 102 - 108
Q-cm range. Figure [1.2] shows this separation. Metals are materials that occupy
the low range of the resistivity scale. Nevertheless, there are materials in this class
that have relatively high resistivities compared to typical metals. Therefore, metals
which exhibit this property are also known as semimetals. An important feature
that needs to be mentioned is the behaviour of materials at the high end of the
resistivity range. At high resistivities, semiconductors and insulators are hard to
separate and temperature becomes an important factor. Since conductivity (and
implicitly resistivity) depends strongly on temperature, the distinction between a
semiconductor and an insulator depends strongly on the material’s temperature
at any given time. For this reason, semiconductors can be defined as a group of

materials that have a measurable electric conductivity at room temperature or above
[1].

glass germanium sil\_rer
nickel oxide silicon copper
diamond g_;allium arsenide aluminium
sulvfur gallium phosphide plativnum
S — . cadmium sulfide . bisrguth

1.00E+17 1.00E+15 1.00E+13 1.00E+11 1.00E+09  1.00E+07 1.00E+05 1.00E+03  1.00E+01 1.00E-01 1.00E-03 1.00E-05 1.00E-07 1.00E-09
resistivity

+—— insulator

v
A

semiconductor >« conductor ——

FiGURE 1.2: Common resistivity ranges for conductors, semiconductors and in-
sulators.

The classification of materials into conductors, semiconductors or insulators is dic-
tated by the band structure which is a direct result of the material’s crystalline
structure, more specifically on how the atoms composing the crystalline lattice are

arranged. Since the potential energy of atoms vary with the interatomic distance, the
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properties of a crystalline material can only be adequately described using quantum

physics [18] [19].

A quantum mechanics treatment is more complex than needed in this context, there-
fore the formation of energy bands will be briefly explained by means of Bohr’s theory
[20]. By combining the classic planetary model with quantum mechanics, he was
able to explain why and how electrons occupy stable ”orbits” around a nucleus, by
occupying certain pre-determined energy levels. When more atoms are approaching
one another, the energy levels of each atom split into several separate (but close)
levels. In the case of a crystal, these separate energy levels merge to form a single
continuous band. When the interatomic distance within the lattice reaches equilib-
rium, this continuous energy and separates in two distinct components: the valence
and conduction band, separated by a bandgap (also known as forbidden band).
This band, more precisely its energy, represents the minimum required energy to
create electron-hole pairs and it it the main property that determines a material’s

conduction properties.

A

Fermi level

Energy
bandgap

insulator semiconductor conductor

FIGURE 1.3: Schematic representation of energy bands.

In figure we schematically show the conduction and valence bands for the above
mentioned classes of solids. Electrons occupying the valence band are are unable to
travel between various atoms sharing a crystalline network, as opposed to electrons
occupying the conduction band which are free to move and act as charge carriers.

For conductors, there are two possible situations: the energy levels in the conduction
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band are partially filled or the valence band is fully filled and it also overlaps with
the conduction band. In both these situations, the forbidden band is virtually non-
existent and electrons are free to move between atoms with a minimal intake of
energy. With regards to semiconductors and insulators, electrons completely occupy
the valence band while the unoccupied conduction band is separated from the valence
band by a bandgap. In this situation, electrons require a relatively large amount
of energy, higher or equal to the energy of the bandgap, to bridge the separation
between the valence and conduction bands and freely move between various atoms in
a molecule or crystal. For insulators, the bandgap is very large and thermal energy
or electric fields will be unable to supply sufficient energy to move an electron from
the valence band to the conduction band without compromising the structure of the
molecule or crystal. Semiconductors on the other hand, have a narrower forbidden
band and thermal energy is usually sufficient to excite electrons. However, despite
the narrower bandgap compared to an insulator, if the thermal energy supplied to
the molecule is too low, the material will become an insulator as opposed to metals,

which will have conductive properties practically at any temperature [17, 21].

1.2.2 m-conjugated polymers

Among semiconducting materials, organic and inorganic, polymers have gained in-
terest in recent decades, due to the possibility of producing optoelectronic devices
at costs lower than similar devices fabricated with silicon and well as the possibil-
ity of introducing new features and functionalities such as optical transparency or
flexibility, features that are difficult and sometimes impossible to achieve in silicon
based technologies [221-25].

In order to be suitable for fabricating optoelectronics, a polymer must have a conju-
gated molecular backbone, composed of alternating single and double bonds. Figure
shows a few examples of t-conjugated polymers. The single bond-double bond
conjugation enables certain optical properties and enhances the transport of elec-
trical charges [20, 27]. Also, functionalizing the polymer with certain unsaturated
substituents, including simple olefins, heterocycles or aromatic hydrocarbons, in or-
der to enable cheap manufacturing techniques (from solution) or to control certain

properties such as optical absorption and PL [2§].
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N A
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FiGURE 1.4: Examples of n-conjugated polymers used for fabricating optoelec-
tronic devices.

Other properties that influence the formation of thin films as well as solubility or
morphology are the polydispersity index (PDI) and the polymer’s molecular weight
(Mw). Modifying a polymer’s molecular weight, will greatly change its thermal
properties and electronic structure. Therefore it is important to achieve a certain
equilibrium between the material’s PDI and Mw, so that the properties of interest

are stable and reproducible [29].

There are advantages for using n-conjugated polymers, compared to regular semi-

conductors [20]:

e Thin polymer films offer a uniformity which in turn offers increased control
over structural characteristics. This will improve printing, since the process

requires a high level of control over rheological properties.

e Due to the very small size of a polymer’s crystalline domains, charge transport
becomes isotropic which increases performance stability from one device to

another.

e Since polymers have a very narrow solubility range and high viscosity in bulk,
manufacturing multilayered devices is improved due to a higher range of ma-

terial and solvent choices.
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e Compared to classic semiconductors, polymers have little to no vapour pres-
sure devices fabricated from polymers are less susceptible to diffusion during
fabrication. Also, mechanical properties are more adaptive, which makes con-

jugated polymers suitable for flexible nanometer thick devices.

1.2.3 Morphology change with optical properties

The improvement of organic nanoscale electronic devices in recent years is linked to
breakthroughs in synthesising new conjugated polymers. m-conjugated polymers are
one of the most important group of materials due to their potential in developing a
wide range of electronic devices such as light emitting devices (OLED), photovoltaics,
field-effect transistors or photodiodes [30), 31].

Polymers in this class are formed of chains of alternating single and double bonds,
a characteristic which dictates the colour of the material and its fluorescence prop-
erties. If such a molecule absorbs a photon, it will form an excited state in which a
certain segment of the polymer chain contains an excited electron. If the length of
the chain containing the excited electron increases, the energy of the excited state
will be lower. Because exact calculations are difficult, this behaviour can be approx-
imated by the quantum particle in a box problem: the longer the box, the lower
the energy of the excited state and the peaks in the fluorescence spectrum will be
shifted to red. But polymer chains are not straight and rigid rods. If the molecule is
very long, the conjugated polymer chain will adopt various conformations, resulting
in conjugated chains of different statistical lengths. For large polymer chains, due to
its molecular conformation, the end-to-end distance of the excited chain (approxi-
mated by a quantum particle in a box) will be shorter than the physical length of the
molecule, which will cause a fluorescence emission of higher energy than expected
[32H34].

An example of such behaviour is seen in PFO (poly(9,9-dioctylfluorene). As seen in
[35], the polymer has two main conformations: glassy PFO and ”-phase”. When
using chloroform, being a good solvent for the polymer, the fluorene units are free to
rotate in order to accommodate the relatively long alkyl side chains. When exposed
to toluene, the polymer adopts the B-phase conformation (figure . The solvent
will induce a swelling of the polymer, thus elongating the polymer chains. this

elongation forces PFO to twist and adopt a helix conformation, in which the angle
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FIGURE 1.5: The chemical structure of PFO at different rotational angles.

between monomer units is fixed at 180°. This renders the polymer chains relatively
planar and ribbon like. In figures 2 and 3 of [35] we see the absorption and emission
properties of the polymer in both conformations. Although the absorption shows
little change between the two phases, the PL spectra of the B-phase is red-shifted,
which is consistent with an elongated molecule and subsequently a lower energy gap
for the chains with fixed 180° angles.

1.3 List of publications

e A. Mantsch, A. J. Cadby, Automated Microscopy System for Single Molecu-
lar Spectroscopy Measurements. Focus on Microscopy, Goettingen, Germany,
March 29 - April 1 2015, pp. 479, ISBN 978-3-95404-942-4.

e A. Mantsch, Ashley Cadby, Correlating the Optical Properties pf Single Poly-
mer Chains with Morphology, ACRITAS Workshop ”Imaging and controlling
molecular assembly”, Graz, Austria, February 10 - 11, 2016, pp. 28.

e A. Mantsch, A. Cadby, Single molecular spectroscopy. Parallel lifetime and
imaging of single molecules. G.I.T. Imaging & Microscopy 2 (2016), pp. 21 -
23.






Chapter 2

Background

2.1 Polymers

2.1.1 Introduction

Polymers (Greek polus, "many” + meros, ”parts”) are macromolecules composed of
a large number of repeating units, known as monomers. There are many examples
of naturally occurring polymers, such as starch, cellulose or several macromolecules
essential for life such as proteins, DNA and RNA. The earliest uses of these materials
has involved the use of natural polymers to produce small artefacts. In the early
19th century scientists started to chemically modify natural polymers, in order to

produce a wider range of materials, such as celluloid or gun cotton.

In the mid 19th century and early 20th century, synthetic polymers were first man-
ufactured. Given the endless possibilities of fabricating synthetic polymers, possi-
bilities limited only by chemical and physical laws, this class of materials has found
applications in virtually all fields of science and industry as well as a wide variety
of applications in every day life such as clothing, electrical components, packaging,

cosmetics and so on.

11
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2.1.2 Classification

The classification of polymers is based on several criteria, which will briefly be

discussed below.

e Structure
e Chain architecture

e Miscellaneous criteria

2.1.2.1 Structure

The first classification criteria for polymers was proposed in 1929, and it separates
polymeric materials into two main categories: addition polymers and condensation
polymers. Both types are based on the structure of the repeating unit. For addition
polymers, the repeating unit has virtually the same structure as the monomer. As
opposed to addition polymers, in the case of condensation polymers, the monomers
reacting in order to form the repeating unit will suffer a change in their chemical
structure by forming a condensation compound (as seen in the case of polyester

synthesis) [36].

Although this initial criteria was reasonable, some newer materials had a chemical
structure similar to that of a condensation polymer but the synthesis mechanism did
not form a condensation compound. In order to take into account these exceptions
to the general rule, a series of conditions have been introduced. In order to be
considered a condensation polymer, a material has to satisfy the following conditions
[31]:

e during preparation, some of the monomer’s constituents are lost and will form
a small condensation molecule (such as a number of water molecules, as seen

in polyesters);

e the polymer backbone contains functional groups such as amide or ester groups.

If a polymer does not meet any of these conditions, it will be categorised as an

addition polymer.
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2.1.2.2 Chain architecture

Despite the fact that some polymers have identical chemical structures, their chemi-
cal, physical and mechanical properties can radically differ based on the architecture

of their main molecular chain. For this purpose, polymers can be classified as:

e Linear polymers - the main molecular backbone presents no side branches;
e Branched polymers - the polymer chain several branches of various lengths;

e [f the side chains in a branched polymer are formed by a different monomer

than the one forming the backbone, the polymer will be a graft polymer.

e Crosslinked polymers - small structures or chemical interactions will bond
together different sections of a polymer’s chain, or even several separate chains,
thus forming a large three dimensional structure. Most of the times, the
crosslinking process is irreversible, leading to a structure with high stability
but limited solubility and mobility. an exception is the elastomer class, where
the crosslinks are physical in nature, in the form of physical interactions or

entanglements.

2.1.2.3 Miscellaneous criteria

Besides the above mentioned classification, there are other criteria on which poly-
mers can be classified. This includes biodegradability, origin, morphology or
production size. Based on their origin, polymers are classified into two main
classes: natural (naturally occurring) and synthetic (manufactured in a laboratory).
Additionally, based on the presence of carbon, synthetic polymers are divided into
two categories: organic, the most studied of the two categories, and inorganic, such
as silicone rubber. According to the morphology of the macromolecule, polymers

are of two types:

e homopolymers - the polymer chain is formed of only one type of polymer.

e copolymers - the polymer molecule contains several different types of monomers.
Based on the arrangement of these monomer unites, copolymers can be ran-
dom (-A-B-B-B-A-A-B-A-B-B-A-A-B-), block (-A-A-A-A-A-B-B-B-B-B-) or
alternating (-A-B-A-B-A-B-A-B-A-B-).
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Another important classification criteria is the material’s production size. Poly-
mers produced in large quantities and with low profit margins per weight unit are
commodities. Commodities include polymers with a very wide range of applica-
tions, such as polyethylene, polycarbonate, PMMA, PET or PVC [38]. Moreover,
there are polymers produced in relatively small volumes, produced for very specific

applications. There materials are specialty polymers.

2.1.3 Molecular weight

An important property of polymeric materials is molecular weight. As opposed to
small molecules, which exhibit a fixed molecular weight, not all polymer chains will
have the same length or molecular mass. Therefore, any given type of polymer
will be characterised by a distribution of molecular weights or a series of average
weights. As shown in [39] [40], the most common averages used to define a polymer’s
molecular weight distribution are the number average molecular weight (M,) and

weight average molecular weight (My,). They are defined by the following equations:

M, =Y fIM, (2.1)

M, = o, (22)

where { and {2 are the number and weight fractions of chains containing x monomers

and M, represents the molecular weight of a chain with x monomers, which is:

My represents the molecular weight of one monomer unit.

Another example of important and commonly used quantities are the weight average
(Tw) and number average (T,,, also known as degree of polymerisation) chain lengths.
These are properties related to the number average and weight average molecular

weights and are defined as follows:
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M,
Fo= o 2.4

M,
Ty = =2 2.5
7 (2:5)

2.1.4 Nomenclature

Presently, there is no standard criteria for naming polymeric materials. Although
rules for naming these materials have been introduced by IUPAC (International
Union for Pure and Applied Chemistry), these naming rules are not widely used.
Instead, for many polymers, their trade names are more popular than the IUPAC

nomenclature. for this purpose, three main naming systems have been established
[37]:

e source-based terminology;

e [UPAC nomenclature;

e abbreviations and trade names.

Conventional, source-based nomenclature

This is the most widely used naming criteria. Applied mostly for simple homopoly-
mers, it uses the word "poly” and the name of the repeating unit. In case of copoly-
mers, the name of the monomer unit is replaced by the chemical group formed by the

two reacting monomer units. Examples of polymers named using this nomenclature

are:
e Polystyrene - PS;
e Poly(vinyl chloride) - PVC;
e Poly(methyl methacrylate) - PMMA;

Poly(ethylene terephtalate) - PET;
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IUPAC naming criteria

Similar to the source-based criteria, the rules established by IUPAC are used for
single strand polymers, built from constitutional units connected by an atom from
each adjacent unit. In this case the naming is based on the prefix poly and the
name of the smallest repeating unit (CRU - constitutional repeating unit). Most
conventional polymers care considered single strand and therefore compatible with
this rule. It is more powerful than other non-conventional naming procedures, since
it gives information regarding the material’s chemical structure. More details about

the IUPAC nomenclature are presented in [41].
Abbreviations and trade names

Although the ITUPAC and source-based nomenclatures are sufficient for naming poly-
meric materials, some materials have very well known trade names that will always

take precedent over their [UPAC names. Such materials are

e nylons (belonging to the polyamide family);
e kevlar - poly(paraphenylene terephtalamide);

e teflon - poly(tetrafluor ethylene);

Also, due to the impractically long names of some polymers, especially conjugated

polymers, abbreviations are widely used. Such examples are:

e P3HT - poly(3-hexylthiophene-2,5-diyl);

e F8BT (sometimes known as PFBT)- Poly(9,9-dioctylfluorene-alt-benzothiadiazole)

)

e PCDTBT - Poly[N-9-heptadecanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1° 3’-

benzothiadiazole)];

2.2 Introduction to conjugated polymers

As mentioned in a previous section, polymers can be classified according to various

criteria such as origin, biodegradability or production volume. Besides widely used
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commodity polymers, there are specialty polymers which are characterised by small
production batches. Among these specialty polymers a class that holds particular

importance to several fields of research are m-conjugated polymers.

Conjugated polymers are polymer macromolecules characterised by a delocalisation
of the double bonds in their main chain. First discovered in the early 20th century
with the preparation of polyacetylene [42], the materials gained interest in the 1970’s,
when the Nobel prize for chemistry was awarded in 2000 for the discovery of their
conductive properties [43, [44]. In the awarded paper, the authors measured the
conductivity of halogenated cis and trans isomers of polyacetylene, which showed a

semiconductor-like behaviour of polyacetylene halides.

Due to their peculiar optical and electrical properties (properties resulting from the
alternating single and double bonds in their backbone) this class of materials has
gained importance in optoelectronics, mainly the production of new and improved
devices such as LED’s [7-9], solar cells [4-6] or field effect transistors [8, [10, [11].
Other, more recent applications, include their use as active materials in batteries [45]
40], optical switching devices due to third-optical nonlinearity of these conjugated

polymers [47] or sensors and actuators for artificial muscles [48].

Examples of such polymers are polythiophene or p-doped poly(3,4-ethylenedioxythiophene).

2.2.1 Main characteristics

The first and simplest t-conjugated polymer was polyacetylene. It was discovered in
1958 as a linear polymer [42] and it was of little scientific interest until 1977, when
its conductive properties were demonstrated [43]. For this purpose, polyacetylene

will be used to present the main characteristics of conjugated polymers.

With the structure (-CH=CH-),, this very basic linear conjugated polymer can be
considered a 1D analogue of graphite , due to its hybridised carbon atoms. One dif-
ference between a conjugated polymer’s main chain and graphite is the fact that the
polymer’s single carbon bonds are not of equivalent length. Due to this variation in
bond length the electronic properties are altered and a bandgap between the HOMO
(an occupied mband) and LUMO (unoccupied n* band) levels is opened. Thus, these
materials can be included in the semiconductor category, with a bandgap of 1 to

3 eV, due to their distinct electronic properties. Also, the n-n" optical transition
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(corresponding to the bandgap) will give the polymers colour, which translates to a
strong spectral component in the visible range [45, 49]. This is shown in figure

~ \\\/\\\/K\Q//KR\
polyacetylene
LUMO

[y S
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polythiophene - nl* transition
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poly(phenylene-vinylene)

FiGURE 2.1: Examples of common n-conjugated polymers and the optical band
gap.

In essence, optical properties can be controlled by the length of the bandgap. Func-
tionalizing the main polymer chain by selecting proper electron donor and acceptor
chemical groups will result in n-conjugated polymers with narrow bandgaps and
small variations in the bond length. Historically, the narrow bandgap conjugated
polymer was poly(isothianaphtene), prepared in the mid 1980’s through electro-
chemical polymerisation [50]. The polymer has a bandgap of 1 eV, approximately
half of the value for the commonly used polythiophenes.

Although these materials have gained significant interest in the last decades and
dozens of conjugated polymers with narrow bandgaps have been synthesised, a n-
conjugated polymer with overlapping conduction and valence bands and negligible

bandgap has not yet been discovered.

2.2.2 Synthesis

There are many routes for synthesising conjugated polymers, involving typical poly-

mer chemistry procedures in addition to electrochemical and organic chemistry
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methods. One example is the preparation of poly(acetylene), the simplest con-
jugated polymer, which can be prepared from cyclooctatetraene (COT)through a
ring opening polymerisation reaction in the presence of a catalyst [45, 51]. One
such reaction was proposed by Edwards and it involves a multiple step procedure,
which is presented in figure Firstly, COT reacts with hexafluoro-butyne forming
the monomer, which is then traded with an appropriate catalyst (Ziegler-Natta or
metathesis). The result of this catalytic reaction is a precursor polymer which leads

to poly(acetylene) through thermal decomposition [52].

FaC CF;
: j FiC
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1. Ziegler-Natta 2. Metathesis
catalyst catalyst
predominantly trans cis/trans 50/50
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C CFa FaC CF
n
n

FIGURE 2.2: The synthesis of poly(acetylene) from cyclooctatetraene.

In the case of heterocyclic polymers (such as poly(thiophene), convenient synthetic
routes involve electrochemical methods or the chemical oxidation of the appropriate
monomer, thiophene in the case of poly(3-alkylthiophene)s (PAT). Due to the nature
of the monomer used for PAT polymerisation, there are three means of coupling:
head-to-head, head-to-tail and tail-to-tail. Initial methods were cross-coupling or
electrochemical oxidation but the obtained poly(thyophene)s were not regioregular
53, B4]. Fgure shows two preparation methods for PATSs, namely the Kumada

cross-coupling reaction and electrochemical oxidation.

To solve the regioregularity problem, several other preparation paths were proposed.
One such method is the McCullough method, shown in figure [2.4] It is a 4-step pro-
cess, which starts from 3-bromothiophene, which yields 3-alkylthiophene by means
of Ni(dppp)Cls. The monomer is then brominated with NBS (N-bromosuccinimide)
and lithiated with LDA (lithium diisopropylamide). A Grignard reagent is then
obtained which will condense regioregular PAT [55] 56].



Chapter 2. Background 20

R R

1. Mg/THF
g . [
2. Ni(dppp)Bry s

S

11 R

1. Electrochemical
a’}f \5 oxidation / \
S

S 2. Chemical
reduction with n
EDTAH,0

FIGURE 2.3: The synthesis of polythiophenes.
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FIGURE 2.4: Regioregular poly(thipohene) synthesis method proposed by Mc-

Cullough.
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FIGURE 2.5: Regioregular poly(thipohene) synthesis method proposed by Rieke.

An alternative method, presented in figure [2.5] was proposed by Chen and Rieke
[57, B8]. It starts from 2,5-dibromo-3-alkylthiophene and in the presence of zinc .
The result will be a mixture of two isomers which, with the help of Ni(dppe)Cly will

give regioregular PAT.
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2.3 Properties of n-conjugated polymers

2.3.1 Absorption of light

The most important components in a molecule, regarding its optical properties, are
the chromophores. Also known as fluorophores, they are the section of a molecule
that absorbs and emits light at specific wavelengths which is characteristic for the
material absorbing energy. This property usually depends on the fluorophore’s chem-
ical structure and environment. It needs to be noted that although the terms are
interchangeable, they define separate roles. Chromophores are components that are
responsible for the absorption of light while fluorophores are the section that emits
the absorbed energy. In figure we show the electromagnetic spectrum of light as

well as the corresponding range of energies.
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FIGURE 2.6: The electromagnetic spectrum and energy of an absorbed photon.

Depending on energy and wavelength, molecules can behave in various ways upon
absorbing a photon. For wavelengths lower than 200 nm (UV and higher energy
radiation), photons have sufficient energy to ionise the molecules absorbing them,
thus resulting in photochemical degradation [59H61]. This degradation effect is more
common in unsaturated materials (compounds formed with o bonds) when absorb-
ing a photon with an energy higher than 6 eV. In the case of double and triple bonds,

besides o bonds, m electrons are also used to form chemical bonds. Compared to o
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bonds, those formed by n electrons are generally weaker due to the parallel orienta-
tion of the respective molecular orbitals, which is translated into lower energy pho-
tons required for excitation. Besides the shift in the absorption wavelength caused
by the presence of n electrons, conjugation (alternating single and double bonds)
will result in a further red shift in the absorption spectrum. A strong absorption in
the visible section of the electromagnetic spectrum can serve as an indication that

fluorophores in a studied material are conjugated.

For wavelengths of 200 nm and above, absorbed photons can only trigger one of
two energy transitions: n - ©° and m - 1. When a molecule is excited with light
of sufficient energy, an electron occupying the sample molecule’s Highest Occupied
Molecular Orbital (usually in the ground state Sp) to a position in the Lowest Un-
occupied Molecular Orbital thus forming an excited state (S;). For molecules that
absorb in the visible spectrum, the energy gap between the ground state and excited
state will be in the range of 35 - 70 kcal/mol [59]. In conjugated molecules, the de-
localisation of ©t electrons translates into a high mobility of these charges along the
molecular backbone. Considering this, the energy transitions inside the molecule
can be approximated by a simple theoretical model by assuming that n electrons
don’t interact (they’re evenly spread over the conjugated system, minimising repul-
sions). In this case, the energy landscape of a molecule can be approximated with
a quantum particle in a box. In such a situation, an electron’s potential energy is
considered constant along the length of the box and approaching infinite at both
ends of the conjugated section. By using Schroedinger’s equation, we can define the
waveform and energy with equations [2.6] and 2.7}

2 . /nrx
n?h?
= 2.
" 8mlL?2 (2.7)

where n represents the quantum number (the antinodes of the eigenfunction along
a molecular chain); L shows the length of a molecular box; m is the mass of an
electron; h - Planck’s constant and x is a spatial variable, showing the displacement

along the chain.
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A molecular orbital will be characterised by a waveform and an energy. By applying
the Pauli exclusion principle [62], only two electrons (with opposite quantum spins)
can occupy an energy level or waveform. So, for a system with an even number
of electrons, the lower energy states will each be filled by two electrons while the
higher energy states will remain unoccupied. Thus, in order to formulate a system
with a higher energy, an electron from the HOMO level (characterised by a quantum
number n) to the LUMO level (characterised by a quantum number n+1), the result
of which being an excited singlet S;. In this case, the wavelength of the absorption
will be given by equation [2.§ and the energy of the excitation photon will be given
by the Planck equation (equation .

h2

AE = Erymo — Enomo = L2 (nlumo — nHomo) (2.8)
h

E=hy= 70 (2.9)

where h represents Planck’s constant; v is a frequency; c is the speed of light and A

represents the wavelength.

Given that the ground state Sy for a compound with N electrons is characterised
by N/2 occupied levels, the quantum numbers defining HOMO and LUMO can be
written as npomo=N/2 and nymo=N/2+1. Inserting this in equation will give

equations and [2.11}

h2
AB = —— (N +1) (2.10)
Ao Sme L7 (2.11)
~ h N+1 '

In conclusion, a molecule’s absorption bands can be roughly estimated from its

length and number of © electrons.
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2.3.2 Excited states
2.3.2.1 The Jablonski diagram

The processes which take place during light absorption and emission are best shown
by the Jablonski diagram [63]. In figure we show a typical diagram, showing the
electronic states and transitions for organic molecules. Upon absorbing a photon,
a molecule will form an excited singlet state, usually an S; or Sy singlet. Through
internal conversion, followed by a vibrational relaxation, the formed excited state
will relax to a lower vibrational level in S; and will eventually return to the ground
state with emission of fluorescence. The process that controls the formation of the
higher singlet states is the interaction of the transitioning electron with the electric

component of the light used for excitation [59] 64].
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Ficure 2.7: The Jablonski diagram, showing electronic transitions for organic
molecules.

Another possibility for S; singlets is to sustain a spin conversion to a T triplet state,
through a process called intersystem crossing. The T triplet will also return to the
So ground state with emission of phosphorescence, an emission which is usually
shifted towards higher wavelengths compared to fluorescence. For most organic
molecules, intersystem crossing is a very improbable and inefficient process with
crossing rate constants significantly lower than those for fluorescence. Nevertheless,
the presence of heavy atoms such as halogens will aid intersystem crossing and the

formation of triplet states, making the majority of these molecules phosphorescent

[65].
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Upon absorbing a second photon, molecules excited both in singlet and triplet states
can be further excited to higher vibrational levels (S, or T),), resulting in ionisation
and photobleaching. Unlike singlet states, the triplet - singlet transition is forbidden
which will result in a much higher average lifetime for an excited triplet state,

compared to singlet states.

2.3.2.2 Singlet and triplet states

The properties of organic semiconductors emerge from a delocalisation her the whole
molecule of their © and ©° molecular orbitals. After a photon is absorbed, an elec-
tron from HOMO will be advanced to LUMO, generating an excites state. This
coulombically bound electron-hole pair will migrate through the material subjected
to photoexcitation until the two charges are located on the same molecule, the re-
sult of which being an intramolecular exciton, or adjacent molecules, the result being
an intermolecular excited state. There are two ways of generating excited states:
optical excitation, which creates only singlet excited states [66] [67], and electrical
excitation, creating both singlet and triplet states [68]. For clarification, a singlet is
the state with anti-parallel electron spins in the © and ©~ orbitals. Similarly, triplets
are the excited states with parallel spins for the electrons in © and ©* orbitals. For
both singlet and triplet states, the total spin adds to zero. Figure shows the

molecular orbital configuration for singlet and triplet states.
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FI1GURE 2.8: The electronic configuration of singlet and triplet states.
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As seen in figure 2.8] the excited state which resulted after photoexcitation is formed
by unpaired electrons in HOMO and LUMO, forming a system of two particles. From
a quantum mechanics perspective, any two particles characterised by a spin angular
momentum will have two eigenstates and two eigenvalues. For a two particle system,

there are four eigenstates, who’s wavefunctions can be written as follows [69]:

oo, with S=1; M,=1 (2.12)
816y, with S=1; M,=—1 (2.13)
1 .
E(Oélﬁz + Oé261>, with S = 1; Ms =0 (214)
1 )
— (1 By —af), with S=1;, M,=1 (2.15)

V2

where o and 3 are are the spin wavefunctions of the two electrons forming the excites
state, S and M are the eigenvalues characterising the two particles’ eigenstates. The
first three spin wavefunctions (equations to denote a triplet state because
the only difference is in the z component of the spin momentum. The remaining spin
wavefunction (equation [2.15) characterises the singlet state [70]. Figure shows

the vector diagram of singlet and triplet states .

One aspect of importance in figure [2.9]is the orientation of the spins in singlet and
triplet states. For triplet states, the spins of the two unpaired electrons in HOMO
and LUMO are in phase and coupled with antisymmetric spatial wavefunctions. For
singlet states, the opposite is true. the spins are out of phase and they are coupled

with symmetric wavefunctions.

The nature of singlet and triplet states described above was discussed for simple
molecular films (for simplicity). But of all organic semiconductors, the most complex
from the perspective of their electronic structure are m conjugated polymers. In
simpler organic semiconductors, where the molecules are linked by van der Waals

bonds, the excited states will only form on a molecule and its immediate neighbours.
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FIGURE 2.9: The orientation of singlet and triplet spins and the corresponding
eigenvalues, in a local magnetic field (indicated by the arrow).

As opposed to these simpler cases, excited states formed in polymers will extend

across several molecular chains, extent which depends on several factors [69)]:

e coulomb interactions, which reduce the distances in the electron-hole pair;
e the distortion of bonds in the molecular backbone;

e the increase in the energy of electrons for large excited states.

Since electron-hole pairs are not point charges, they are characterised by decaying
and overlapping wavefunctions. One factor that influences the wavefunctions of
electrons and holes is the mean distance between these two particles ((ren)), which
is approximately equal to the size of an exciton. The average (re,) for conjugated
polymers has been calculated and values of somewhat below 1 nm have been obtained

for a singlet and approximately 30% lower for triplet states [71] [72].

Besides intra-molecular excited states, inter-chain excitons (excited states residing
on neighbouring polymer chains) can also form. For these inter-molecular excitons
(termed exciplex, excimer or poltroon pair), the characterising wave function (con-

taining covalent and ionic terms terms) can be written as:

v = Cllp(A*B) + CQLD(AB*) + CgW(A_B+) + C4LD(A+B_) (216)
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where U represents the excited state wavefunction, A and B are the polymer chains
over which the excited state is delocalised, ¢ is a constant and *, - and + are
the excited states. Covalent bond contributions are characterised by the constants
cl and c2, while ionic contributions are characterised by c¢3 and c4. When the
chains holding the exciton are identical and covalent interactions are dominant, inter-
molecular excited states are named excimers. For dominant ionic contributions, the

excited states take the name ”charge-transfer exciton” [69].

2.3.3 Excited state lifetime

As shown in [73], exciton diffusion in polymers (the energy migration through a
film via energy transfer) depends on the lifetime of excited states, in the sense that
longer excited state lifetime will yield longer diffusion lengths. In its own term,
exciton lifetime is linked to the fluorescence quantum yield - ®; - the ratio between
the absorbed and emitted photons (in other words, the probability of an exciton to

be neutralised through fluorescence). ®¢ is described via equation m

ky

P =—" 2.17
L (2.17)

where k; is a radiative decay rate constant and k,, is a non-radiative decay rate con-
stant which describes all exciton deactivations means, such as intersystem crossing

or intra- and intermolecular energy transfers [74].

Since the lifetime of an excited state also depends on radiative and non-radiative
processes, the average time spent in an excited state before spontaneous fluorescence
emission is determined by equation [2.18] [75]:

1

= 2.18
kr + knr ( )

Tf
where ¢ is the average exciton lifetime. Also, the fluorescence lifetime - a decrease

of excited fluorophores (F(t)") in time upon excitation with an infinitesimal optical

pulse is

- 5, = _(kr + km")[F(t)*] (2'19)
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By integrating between 0 and time t, equation becomes

t
I(t) = Ipexp (——) (2.20)

Tf
As seen in equation [2.20] fluorescence lifetime is time in which the fluorescence
intensity reaches 1/e of its intensity at time t=0, following excitation with an in-
finitesimally short light pulse. In the case of heterogeneous samples or materials

containing more than one fluorophore, fluorescence lifetime can be determined by

means of a multi exponential function [59]:

t
I(t) = il —— 2.21
0= (-1) 221)
where 1; is the lifetime of the i-th component of a sample and a; represents the

contribution of the i-th component to the total fluorescence intensity.

There are two major methods of measuring fluorescence lifetimes [64]:

e time-domain (photon counting method), discussed in another chapter;

e frequency-domain (phase modulation).

As opposed to light pulses, the frequency-domain method provides excitation by

means of sinusoidally modulated light. In this case, excitation can be written as

E(t) = Ey|[1 + Mpgcos(wt)] (2.22)

where o is the angular frequency of the modulated light and Mg is a modulation
factor, corresponding to the AC to DC ratio of the signal. The same frequency is
used to modulate the fluorescence [76]. Due to the lifetime of the excited state, the
fluorescence signal will suffer a decrease of the modulation factor (Mp) as well as a
phase delay and it’s characterised by equation [2.23]

F(t) = Fy[1 + Mpcos(wt — ®)] (2.23)
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where @ is the phase delay between the excitation and fluorescence signals. By mea-
suring the phase angle ® we get the basis for determining the fluorescence intensity,

through sine and cosine Fourier transforms [76] [77] as equation [2.24]

[e.e]

It(w) = /If(t)e:vp(—iwt)dt (2.24)

0

Considering a species with a single fluorescence lifetime, the expression for the flu-

orescence intensity is now given by

1 1 —wr

Iw) =~ /exp {— G + m) t} dt = 3 (2.25)

This expression, formed of a real and imaginary component, is related to the exper-

imentally determined quantities

Mo = (1+w?r?) 72

(2.26)
tan(®¢) = wr
From equation two lifetimes can be obtained:
71 = —tan(P¢)
w
1 1 1 (2.27)
[ ME

If the fluorescence decay is a single exponential, the two individual lifetimes will
have identical values. If, when considering the single exponential decay model gives
different lifetimes, a multi exponential decay model must be considered instead.
Compared to time-domain measurements, the frequency domain method cannot be

applied for single-molecule fluorescence measurements.
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2.4 Single molecule spectroscopy

In 1952, Erwin Schrodinger said we are not experimenting with single particles, any
more than we can raise Ichthyosauria in the zoo [78]. Once a true statement, the
quote is no longer valid, due to advancements in microscopic techniques. One such
technique is single-molecule spectroscopy. It was developed in the late 1980’s and

early 1990’s [79, 0] and gained popularity due to its ability to study biological

samples [81), [82].

With regards to organic semiconductors, the method was first applied to conju-
gated polymers in 1997 by David Vanden Bout and colleagues [83] when studying
the fluorescence intensity jumps of a poly(p-phenylene vinylene) - poly(p-pyridylene
vinylene) copolymer (PPV-PPyV). Their report shows the presence of reversible flu-
orescence switching for a molecule with very large molecular weight. This indicates
that, despite the large number of repeating units in a polymer chain, the molecule
acts as one entity and a single defect can be responsible for quenching the emission
of an entire molecule. The discovery helps scientists in understanding the limitations
of organic semiconductors for the fabrication of LEDs through a reduction of their

quantum yield due to the presence of photochemical defects.

Conjugated polymers are very diverse materials, characterised by various degrees of
disorder [84H86]. The length of a polymer chain is characterised by polydispersity (a
measure of a material’s molecular weight distribution) as well as various conforma-
tions. All these characteristics and variations in a conjugated polymer’s structure

will give rise to a broad region of energies for excited states.

FIGURE 2.10: Schematic representation of a single polymer chain.

Figure[2.10]shows a schematic representation of a single n-conjugated polymer chain,
based on Raman [87H90] and fluorescence spectroscopy [01H93]. Conjugated poly-

mer chains are characterised by a system of delocalised m electrons, which can be
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disturbed by the various conformation adopted by the molecule. These disruptions,
such as sharp bends in the molecular chain, give rise to chromophores (chemical units
with distinct optical properties). Since the presence of chromophores dictates a ma-
terial’s optical properties, spectroscopy measurements is performed on the present
chromophores, even though a single molecule is formed by many (sometimes thou-

sands) of repeating monomer units.

Absorption
2ouadsaulwn|oloyd
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FiGUurRE 2.11: Absorption and PL spectra of MEH-PPV. The narrow feature

represents the photoluminescence spectrum of a single chromophore. Reproduced

with permission from [94]. Copyright 2010 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim

As opposed to absorption, where all optically active species are analysed, emission
spectra are characteristic only for chromophores that emit light. Absorption is usu-
ally relatively featureless and characterised by a large range of wavelengths in the
visible portion of the spectrum. By comparison, emission originates from longer
sections of the molecule (with the lowest energy of the excited state) and the vi-
bronic structure of the analysed polymer is sometimes visible. Figure [2.11| shows
the absorption and emission properties of Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene], commercially known as MEH-PPV.

Experimentally, there are two means of performing SMS, wide-field [95H97] and
confocal microscopy [08, 99]. Wide-field microscopy relies on imaging a large area
of the sample, greatly improving data acquisition, while confocal imaging is based

on scanning a single spot at a time, improving signal to noise ratio.
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Typically, a sample for single molecule experiments is composed of a polymer diluted
with a polymer matrix (such as Zeonex) which is then spincoated on a glass or quartz
substrate. The sample is then placed underneath an objective lens which collects
the light originating from the sampled focuses it on a monochromator which, by
means of a mirror or diffraction grating, can image the entire scanned region or the

spectrally resolved PL.

(b)

FIGURE 2.12: Typical data recorded in single molecule experiments. a) Image of
a sample region containing several molecules; b) Spectrally resolved emission of a
single molecule.

Figure shows the typical data acquired in single-molecule experiments. Figure
2.12(a)|shows a wide-field image of a sample region containing several single polymer
molecules. The data was acquired by sending the light collected by the objective
lens straight to a CCD camera by means of a mirror. The x and y direction can be
restricted, by means of a slit and by defining a region of interest around an emissive
feature of interest. If the mirror is replaced by a diffraction grating, the emission

spectrum of the chosen region of interest is collected, as seen in figure [2.12(b)|
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2.4.1 Identifying single molecules

In order to perform single-molecule experiments, one must first identify the pres-
ence of single molecules within a sample. The first step in achieving this goal is a
proper sample preparation procedure. The fluorescence of a single polymer chain
can be measured by by diluting the analysed sample to nanogram regime (or lower
if needed). Slowly reducing the concentration of the deposited solutions will lead to
increasingly thinner films and a lower fluorescence intensity. Eventually, a critical
dilution step is passed and individual emitters can be identified (as seen in figure
. The number and density of individual emissive features will vary with con-
centration but their emission intensity will remain relatively stable with increasing

dilution.

A second piece of evidence for associating emissive spots with single molecules comes
from the presence of fluorescence intensity fluctuations in time. This fluorescence
intermittency is called photoblinking and it has been studied abundantly for various
fluorescent systems [83], [T00HI03]. Although photo blinking is an indication of single
emitters, by itself it is not sufficient for showing the presence of single molecules.
Similar PL transients are encountered for mesoscopic emitters such as multichain
molecular aggregates [104) [105], or perovskite nanocrystals [103]. Furthermore, the
emission spectrum of a single molecule will randomly vary in time. This property
is called spectral diffusion [106], T07] and it is a signature characteristic of single or

multiple chromophore emission.

Clear evidence for the presence of single molecules can also be provided by photon
correlation techniques. Single systems, such as simple atoms, are capable or absorb-
ing and/or emitting a single photon at any particular time depending on wether the
electron going rise to an excited state is in its ground state or not [I08]. For this pur-
pose, the photon detection distribution is characterised by the following expression
[109]:

70 =1 () eonl- (%, + 1)) (2:28)

where g%(t) is the fluorescence intensity correlation function, W, represents the
pumping rate, N is the number of emissive sites and I'y shows the fluorescence de-

cay rate. This technique (called photon antibunching) can not only detect single
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molecules, but also determine the number of emissive sites. For a large number of
emissive sites the correlation function g? approaches 1, while for single emitters it
approaches zero. The method was first used in [110]. For this purpose, single pho-
tons can be generating by passing the PL originating from a single emitter through
a beam spitter and observed by two detectors. As shown in [110], when measuring
the fluorescence intensity correlation vs the delay time between the two detectors for
a single conjugated polymer molecule, the value of the correlation function at zero
delay time is very close to zero. This is direct evidence that PL emission originates

from only one emissive site inside a polymer molecule.

2.4.2 Single molecule fluorescence spectroscopy

2.4.2.1 Room temperature single molecule spectroscopy

Fluorescence intensity

500 550 600 650 700 750
Wavelength (nm)

FIGURE 2.13: Examples of two single molecule fluorescence spectra of MEH-PPV.
Adapted from [IT1].

While the emission spectra of a film presents itself as broad and relatively featureless,
PL spectra of a single molecule originates from a much smaller number of emissive
spots compared to ensemble emission. Therefore, single molecule fluorescence is a
good tool for analysing the high degree of disorder which characterises conjugated

polymers and regulates their optical properties.
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Figure shows two examples of single-molecule emission spectra (in this case
belonging to MEH-PPV [I11]). As opposed to ensemble PL, SM spectra are usu-
ally somewhat narrower and have a radically different structure compared to the
bulk material [T12]. While ensemble emission is generally featureless, SM emission
is characterised by a more complex structure and peak distribution which can be
correlated with various conformations adopted by a polymer molecule, such as rods,
coils or defect cylinders [01, 113]. Single chains that adopt a more collapsed con-
formation will show enhanced intrachain energy transfers and a lower energy of the
emitted light, as exhibited by the B conformation of PFO [35].

Besides fluorescence emission, information regarding the excitation process can also
be provided by the lifetime of an excited state. Furthermore, fluorescence correlation
spectroscopy can can give information of an excited state’s dynamics [114]. In this

method, the fluorescence properties of single molecules are analysed against time.

40
. 1
w
£ 130 i H2
o |
,_‘: 1
2 :
5 20 '
O 1
3 |

1

= 1|1 L2
= 3
5 4o M
1]
=

0 T T T T T T

0 30 ] 60 a0
Time (s)
100
—_— H1 + H2 +H3
—_— M1+ M2

= Overall
:-@ 10 — L1+ L2+L3
.y
=
o
RS
=
2
@D
=

0.1+

2 6 a
Time (ns)

FiGURE 2.14: Fluorescence blinking and lifetime of a MEH-PPV molecule.
Reprinted with permission from [115]. Copyright (2008) American Chemical So-
ciety.
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First applied to conjugated polymers in 2000 [111], fluorescence dynamics measure-
ments were further developed in recent years by reporting fluorescence transients
in the lifetime of single molecules [I15]. Figure shows a fluorescence transient
and lifetime of a single conjugated polymer molecule. As seen in the top panel, an
on/off blinking behaviour can be observed, a characteristic of fluorescence emission
originating from a single molecule [83]. The bottom panel shows shows fluorescence
lifetime decays measured at various times in the above transient. Two intensity
levels are noticed, in the form of alternating bright and dark states. The high fluo-
rescence emission in the time trace is characterised by a long lived single exponential
fluorescence decay while the dark state is defined by a fast multi exponential de-
cay. As reported by the authors in [115], the blinking features are explained by fast
quenching of the excited states while the rapid drops of the determined fluorescence
lifetimes are characteristic of excitons occupying a quenching site on the molecular
backbone.

\ N./N, =0 \ NN, =0.5
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FIGURE 2.15: The quenching of a single polymer chain. Reprinted from [116],
with the permission of AIP Publishing.

Similar results were reported by Lupton and co-workers in [I16], where the influ-
ence of charge carriers on the PL properties of MEH-PPV are reported. Figure[2.15
schematically shows the quenching of a single MEH-PPV molecule. The quenching
of the dominant chromophore results in an fluorescence intensity drop. The conse-
quence of this charge injection process and subsequent quenching also translates into
a blue shift of the remaining fluorescence as well as a sudden fluorescence lifetime

reduction.
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2.4.2.2 Low temperature single molecule spectroscopy

As seen in the previous sections, the fluorescence properties of a conjugated poly-
mer are highly dependent on temperature. Fluorescence spectra at low temper-
atures, figure [2.11] inset, are significantly narrower and have a different structure
compared to the PL spectrum of the same material acquired at room temperature
(figure . By lowering the temperature, the line width of a fluorescent feature is
drastically reduced and insight regarding the photo physical properties of individual
chromophores is gained, namely the vibrational modes of an excited state become
observable. Also, chromophoric coupling is reduced and the Zero-Phonon Line (char-
acteristic of the difference between the ground and excited state of a molecule) can

be observed [80, 117, 11§].
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FIGURE 2.16: Low temperature fluorescence emission of MEH-PPV. The solid

curve is the cumulated PL originating from a group of MEH-PPV single chains.

The gray bars are examples of SM fluorescence spectra. Reprinted from [119],
Copyright (2004), with permission from Elsevier.

With an increasing number of chromophores in a polymer chain and a high degree
of disorder, the more difficult it is to detect and analyse narrow narrow spectra.
The first instance of high resolution PL spectroscopy at low temperature for a single
conjugated polymer chain was performed on polydiacetylene in a crystal diacetylele
monomer matrix, reasonably approximating semiconducting organic nanowires [120],
the authors reporting a high degree of order in the system. Following this study,
low-temperature studies on more realistic systems have been performed. The first

low-temperature single molecule fluorescence analysis on MEH-PPV (one of the most
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widely studied conjugated polymers) has been performed in 2004 [119]. The authors
reported a large range of wavelengths, over 100 nm (ﬁgure, for low-temperature
emission peaks, which is a characteristic of the polymer’s high degree of disorder -
each analysed chain presented a distinct conformation, a characteristic responsible

for the high spread of the emission peaks.

Since the first low temperature analysis of MEH-PPV | considerable effort has been
given in order to clarify the origins of (blue or red) single chromophore emission.
One such study was performed by Thomas Basche and colleagues in [121]. The au-
thors investigated the fluorescence properties at 1.2 K of single MEH-PPV molecules.
Emission spectra of different chains showed the presence of strictly red or blue emit-
ting molecules. Fluorescence emission and TCSPC analysis showed no significant
difference in the spectral range of both emissive species, thus ruling out interchro-
mophoric transitions as a possible origin for red sites. There are two possible origins
for the presence of red features: large chromophore units or interactions between
chromophores due to a folding molecular backbone which leads to the formation of
intrachain aggregates [122]. Since transitions between neighbouring chromophores
has been excluded, red emission sites are due to longer chromophoric conformations

leading to extended sections of uninterrupted n delocalisation.

2.5 The technological importance of PCDTBT

In recent decades, low bandgap conjugated polymers became increasingly more pop-
ular in the field of optoelectroncis, mainly for solar cells or other photovoltaics.
One technologically important material for developing efficient solar cells is poly|[N-
9’-heptadecanyl-2,7-carbazole-alt-5,5-(4’,7-di-2-thienyl-2’,1’,3’-benzothiadiazole)|, a
polycarbazole derivated conjugated polymer commercially sold as PCDTBT. Due to
its elevated red absorption, the polymer is able to collect solar radiation more effi-
ciently thus increasing device performance [12] [13]. Another factor which influences
the performance of photovoltaic devices is the HOLO-LUMO bandgap value. With
a high ionisation potential, characterised by a HOMO level of -5.35 eV, PCDTBT
displays open-circuit voltages of more than 0.8V, a value notably higher than that
obtained for P3HT [13] [123| 124].

A consequence of the material’s HOMO level, is an increased thermal stability [125-

127). In [125], the authors characterised the polymer’s stability in Ny and air. No
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important chemical changes in the material’s structure were observed. PCDTBT
showed thermal stability at high temperatures. As seen in figure[2.17 the absorption
spectrum of a PCDTBT thin film remains relatively intact up to 150°C in air. In
Ny, the absorptiop bands of PCDTBT are unaffected when exposed to temperatures
as high as 350°C.
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FiGURE 2.17: The absorption spectra of a PCDTBT thin film exposed to high
temperature in a) air b) No. Reproduced with permission from [125]. Copyright
2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Due to its high ionisation potential and thermal stability, the fabrication of solar

cells with increased lifetimes (up to 4000 h) was possible [126].

Besides the increased thermal stability and open circuit voltage of the pure material,
PCDTBT is also capable on increasing the efficiency of solar cells when incorporated
into devices comprised of other polymer blends [128 129]. A higher content of
PCDTBT into a PTB7-Th:PCDTBT:PC7,BM ternary bulk heterojunction cell can
increase efficiency, compared to the PTB7-Th:PC7yBM reference. By incorporating
20% PCDTBT, the power conversion efficiency (PCE) of the ternary blend solar cell
was increased to 7.86%), compared to 6.91% efficiency for the reference sample [12§].
The authors also observed improved open circuit voltages(Voc) and short circuit

current densities (Jsc).

Also, binary systems incorporating a third PCDTBT component show improved
energy levels. This will induce a more potent charge transfer, due to PCDTBT’s
lower energy levels compared to PTB7 (as indicated by [128] [129]).
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Experimental Design

3.1 Automation

The experimental set-up for single Molecule Spectroscopy (SMS) experiments is a
custom built optical microscope, based on Zeiss optics. It has been equipped with
a Princeton Instruments Acton series 150 spectrometer and an electron-multiplying
charged couple device (EM-CCD) camera. The spectrometer is composed of a slit,
for minimising collection on the horizontal axis, and a multi-grating turret with a
mirror for conventional imaging as well as a set of gratings (150 and 300 grooves/mm
respectively) for spectroscopy measurements. Sample position is controlled by two

separate devices:

e A Zaber A-series microscope stage and controller, for rough sample movement,

in steps of several microns;

e A piezo stage and nPoint LC400 series controller, for finer position control

(sub-micron steps).

The optical measurements required for Single Molecular Spectroscopy (SMS) can,
at times, be very slow and time consuming due to the manual operation of the
experimental set-up. In order to automate the experimental procedure and allow
real-time SMS measurements, a series of automated applications have been imple-

mented. The applications consist of several individual modules, which speed up the

41
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optical measurements with minimal user intervention. A schematic representation

of the automation system is presented in figure [3.1
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FIGURE 3.1: Automation software flowchart.

3.1.1 LabVIEW software

As mentioned earlier, SM measurements are usually very slow. The main reason
for this problem is the large number of emitters that need to be measured, in order
to perform a meaningful analysis. One of the main tasks of the current study is to
automate the experimental procedure, in order to optimise the measurements and

shorten the time required for acquiring a large volume of data.

The initial step in automating the experimental set-up was to test the feasibility of
the task. For this purpose a LabVIEW based application has been designed and
implemented, comprised of several interconnected modules, such as sample position

controls and an imaging interface.

The operating principle of the LabView software is simple. After initialisation,
the sample will automatically be moved (in steps of known size) in the horizontal

plane, predominantly on one of the axes, considered for convenience as X. After each
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F1cURE 3.2: Control software front panels: camera (left); sample position (right).
The sample position front panel contains: 1-initialize; 2-coarse sample position;
3-fine sample position; 4-raster scan; 5-image and spectrometer controls.

step motion on the X axis, the program automatically acquires and saves data in
various modes (fluorescence intensity, lifetime measurements or photoluminescence
spectroscopy). When motion on the X axis has been completed the sample will be
moved one step on the perpendicular direction, noted as Y, and the entire cycle
is repeated. Upon completing the preset motion pattern, the application is auto-
matically stopped. The LabView software makes the experimental set-up extremely
flexible, allowing various experiments, such as lifetime measurements and fluores-
cence spectroscopy on single molecules. Al the major components of the application
will be described briefly below.

Figure [3.2] shows the front panels of the control software for SMS experiments. It
is made of two separate virtual instruments (VI): one for for the EM-CCD camera
(figure [3.2] left) and one for sample position commands (figure [3.2] right).

3.1.1.1 Sample position controls

An important function of the software is to accurately control the position of the
sample in the experimental set-up. This can be achieved by means of two separate

modules: coarse and fine sample position (segments 2 and 3 respectively, in figure

59).
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FiGURE 3.3: Block diagram for coarse sample position control.

Coarse Sample Position (figure 3.3 is responsible for controlling the position on
both horizontal axes. Due to the relatively low sensitivity of the Zaber microscope
stage, this segment is only used for moving the sample in rough steps of several

microns.

Fine Sample Position (figure [3.4) controls the focusing of the camera image and
the sample position in finer sub-micron steps, depending on the size of the laser spot

used as excitation source.

3.1.1.2 Raster scan

There are two main modes of operation: manual and automatic. In the manual
mode, the user is allowed to freely move the sample on all three axes for precisely

positioning the sample. A camera control is also present in the manual stage.

A second operating mode (figure involves the automatic movement of two of
the motors, responsible for controlling the horizontal position of the sample (x and
y axis). For this purpose, a motion pattern can be configured in the motor control
front panel, by programming the start position, as well as the number and size of

motion steps on both axes.
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FiGURE 3.5: Block diagram for raster scan
3.1.1.3 Image capture and fluorescence spectroscopy
An important part of the data acquisition software is the image capturing module,

which acquires camera images of the sample surface. The CCD camera connected

to the microscope is being controlled by means of an R Cubed Software Scientific
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Imaging ToolKit (SITK) specifically designed to allow LabView control of various
scientific cameras and spectrographs, including the ProEM CCD camera used in our
system. Figure shows the block diagram of the camera module. The program is
capable of displaying in real time the acquired camera images, as well as saving the

mentioned images in the form of a data file, for further analysis.

FI1GURE 3.6: Block diagram for image capture.

3.1.2 Current automation

Although automating the experimental procedure was feasible, there were several
inherent problems with the custom LabVIEW application, most importantly com-
munication issues between the various toolkits, drivers and libraries used in the
LabVIEW, which made our application slow and relatively difficult to operate. For
this purpose, the custom software was replaced in later work with a series of dedi-
cated software packages, which work together with the set-up’s components in order

to replicate the functionality of the previous LabVIEW application.

Sample position The position controls described in the previous section have been
replaced with two applications, namely a Zaber console and the nPoint piezo stage
control software (nP Control). The current sample control system presents an in-
creased flexibility, since it allows the user to control all aspects of the raster scan
(numbers of scan lines and points on each line as well as the size of the scanning
steps and dwell time between steps. Also, the system offers the same flexibility on
the vertical axis, which is useful for acquiring data in slices, thus creating a 3D image

of the analysed sample.
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Imaging Imaging the sample is now achieved through LightField, a data acquisi-
tion platform designed by Princeton Instruments. The platform offers user-friendly
control over both the ProEM 512 EMCCD camera as well as the Acton series 150
fluorescence spectrometer used in our set-up. Also, it allows the user to control a
wide range of experimental parameters as well as exporting the acquired data to

many common file formats.

FIGURE 3.7: An example of frame generated by the experimental set-up. The
bright line is a fluorescence spectrum.

Another important aspect of the described software platform is its integration with
the piezo stage software mentioned above. After each motion step in the raster scan,
the piezo stage will send a trigger to the LightField software which will automatically
collect data (in the form of an image or a photoluminescence spectrum) for the spot
excited by the laser at that time. This allows the user to rapidly scan and acquire
data from a large area of the analysed film. Figure shows an example of data
acquired by the experimental set-up. In order to acquire the shown image, a region
of interest containing an emitter is selected on film surface (in order to limit data
collection to the region of interest) and the spectrometer grating is positioned at
a centre wavelength (of 650 nm in this case). Following this, a spectral image is
recorded for the selected region of interest. The bright feature in figure (3.7 represents

the PL spectrum of the fluorescence emitter present in the selected region of interest.

After acquiring similar frames for each step in the raster scan, the data will then be

integrated and a map of the film’s surface is built. In the example shown in figure

3.8(a)| each pixel in the obtained image represents a PL spectrum (figure [3.8(b))).

Fluorescence lifetime

Besides spectroscopy and imaging, the microscope stage responsible for controlling
the sample position is also integrated with an APD detector (avalanche photo diode),
and used for fluorescence lifetime measurements. For this purpose, we use the time-

correlated single photon counting technique (TCSPC).

Similar to fluorescence image acquisition, each step in the raster scan triggers the

APD diode which collects a fluorescence decay curve. After completing the raster
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Fi1GURE 3.8: Fluorescence intensity map built from data acquired by the set-up’s
imaging module (a) and example of PL spectrum (b).
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(a) Fluorescence lifetime map of a 400 pg/l (b) Typical fluorescence decay curve
PCDTBT thin film

FicUure 3.9: Example of data acquired by the fluorescence lifetime mode

scan, the software accompanying the APD detector (software developed by Becker
& Hickl) will build from the acquired decay curves, a fluorescence lifetime map of
the sample surface. Figure [3.9] shows an example of data collected in this mode of

operation.
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3.1.3 Data analysis
3.1.3.1 Analysing photoluminescence data

Since single-molecule (SM) fluorescence requires the analysis of a large number of
emitters for an adequate characterisation, we have designed and implemented a data
analysis code, in order to automatically characterise the SM fluorescence result in
a reasonable amount of time. There are several functions built into the code, that

will be discussed individually:

building the fluorescence intensity images

detecting the points of interest

generating the fluorescence spectra

detecting the peaks of interest

building the desired histograms

The entire data analysis code is shown in appendix [A] The first function of the
analysis code is generating fluorescence intensity maps (appendix 2.1). Each
frame in the data file generated by the software accompanying the experimental set-
up (spe image file) is acquired in the form of a spectral image (figure 3.7). Each
frame in the above mentioned data file (figure is summed to a single numerical
value and arranged into a matrix (a 100 x 100 px grid in this case), thus obtaining

a fluorescence intensity map of the sample surface (figure [3.8)).

After generating the image, the next step is detecting the points of interest.
The data generated by this function is presented in figure For this purpose, an
intensity threshold is defined. After defining a value for the intensity threshold, the
function presented in appendix appendix [A]2.2. will build a matrix containing the
regions in the previously built fluorescence intensity map, that have a fluorescence
intensity above the specified threshold (figure . After building the new ma-
trix, the points of interest (in the form of the points with he highest intensity in
each individual domain) are selected and matched with positions on the fluorescence
intensity map (figure . These selected points correspond to single molecules
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(a) (b)

FIGURE 3.10: Regions of interest, determined by the intensity threshold (a) and
selected points of interest (b)

TABLE 3.1: Sample data collected after fitting each single molecule

lal Ja2 a3 [ad |bl | b2 | b3 | b4 |
0.289 | 0.313 | 0.336 | 0.506 | 611.889 | 630.096 | 649.263 | 663.075
0.279 | 0.261 | 0.583 | 0.550 | 613.293 | 630.752 | 643.361 | 697.004
0.737 | 0.396 | 0.647 | 0.309 | 608.946 | 630.403 | 647.081 | 672.689
0.332 | 0.216 | 0.447 | 0.349 | 612.104 | 630.296 | 648.683 | 699.999
0.562 | 0.496 | 0.589 | 0.500 | 615.209 | 631.654 | 646.421 | 672.634
0.211 | 0.405 | 0.243 | 0.368 | 613.532 | 632.175 | 655.229 | 666.701

" parameters al - a4 represent the peak amplitude;
™ parameters bl - b4 are the positions of each emission peak, in nm.

@O‘lﬂkwl\)b—ﬂ:ﬁ:

. Finally, a background is calculated (chosen as 10% of the lowest intensity) and
subtracted from the fluorescence data (appendix [A]2.3.).

The next step in the data analysis procedure is generating the photolumines-
cence (PL) spectra (appendix [A]2.4). Frames corresponding to the points of
interest previously determined are selected and the bright line observed in figure
(corresponding to the fluorescence emission) is plotted against the wavelength. The
obtained PL spectrum is then normalised and fitted with four gaussian functions,
to determine the position and amplitude of each emission peak (appendix 2.5).

Table shows and example of data collected in this manner.

The next step in analysing the data is detecting the peaks of interest. After

the points of interest have been analysed as described above, the fit parameters
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are collected. The dominant peaks are then determined, by selecting for each PL

spectrum the gaussian peak with the highest amplitude compared to the other three.

Finally, the desired histograms are built. For this purpose, the positions for the
dominant maxima earlier determined are calculated. The resulting data will then

be plotted against the occurrence and a histogram is thus generated.

3.1.3.2 Analyzing fluorescence time trace data

An important measurement in this study was fluorescence time trace measurements.
This experiments involves the monitoring of the fluorescence intensity of an excited
spot and plotting the acquired data over time. The excited emitter will undergo cer-
tain changes, corresponding to transitions between different states. This translates
to discontinuities in the emitted fluorescence intensity (in the form of ”on” and ”oft”
times), the presence of this two-level system being an indicator that the detected
fluorescence emission originates from a single molecule [83] 130} 131]. The goal of
type of analysis is to determine the time each emitter spends in the two states.
For this purpose, we have used a Matlab application, designed by the Department
of Computer Science at University of North Carolina [I32] to detect edges in 1D

fluorescence time trace data. The data analysis code is presented in appendix [B]

The data analysis code contains two main components: a main script for controlling
certain experimental parameters (appendix .1) and a utility function for detecting
edges in the experimental data (appendix .2). After loading the experimental data,
two parameters (threshold and scales) designed to indicate how evident a step needs
to be in order to be considered a step, are added to the workspace. The values of
these two parameters are important. If the provided steps are too fine, the code will
detect false transitions (due to sample noise). If the parameters are too coarse, the

edge detection would not be precise and short transitions will be missed.

Figure shows an example of fluorescence time trace data analysed with the
described code. After the experimental data was input, the utility function shown
in appendix [B]2 will construct a series of scaled derivatives in order to determine the
maxima and minima of local sharp edges. If the maxima and minima are persistent,
they will be tracked through other scaled derivatives and recorded, giving us a

reasonable measure of where edges occurred in our experimental data.
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Ficure 3.11: Figure generated by the edge detection code. The detected edges
are shown in blue

The code is based on a Gaussian kernel derivative [I33]. Ideal 1D step functions have
sharp and distinct on/off transitions, which are easy to detect. But in real situations,
ideal data sets never occur. The kernel on which the presented code is based handles
noisy data by smoothing the data set. The scale parameter determines the level of
noise suppression that needs to be applied. This is an essential parameter and its
value determines how the data is analysed. A small value will blur the boundary
between noise and actual data and false transitions will be detected. Large scale

values will make the data too smooth and edge detection becomes very imprecise.

3.2 Techniques

Fluorescence is an emission process arising from the relaxation of excited states,
involving transitions between various electronic states of fluorophores. This process

is shown schematically in figure [3.12]

A fluorescent molecule is characterised by electronic states, split into several sub-
levels depicting the fluorophore’s various vibrational and rotational modes. Due

to the energy gap between the ground and excited states, being much larger than
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FIGURE 3.12: The Jablonski diagram, showing the absorption and fluorescence
process.

thermal energy, photons in the UV or the blue-green region of the electromagnetic
spectrum are needed for a transition. Upon exciting a molecule, the fluorophore
presenting itself as an excited state will relax to a lower vibrational level. After a
period of several nanoseconds, the molecule will decay from the singlet excited state
back to the ground state and the energy excess is released in the form of a lower

energy fluorescence emission [134].

3.2.1 Absorption

Absorption was measured with a custom experimental set-up, which is schematically
shown in figure [3.13] Excitation was provided by a DH-2000 deuterium-halogen
light source provided by Ocean Optics [135]. Light from the excitation source is
collimated and focused on the sample surface. After passing through the sample,
the transmitted light is again collimated and focused on an Andor Shamrock CCD

spectrometer.
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FIGURE 3.13: Schematic arrangement of the experimental set-up used for mea-
suring the absorption spectrum of PCDTBT.

For determining the sample’s absorption, transmission through a blank glass sub-
strate is first measured which will be taken as reference. Afterwards, the sample
of interest in measured and the following expression is used for determining the

normalised absorption of the material:

Ref — Tran

Abs = Ref

(3.1)

3.2.2 Photoluminescence

Photoluminescence experiments (fluorescence and single molecule spectroscopy) were
performed on a custom built optical microscope, based on Zeiss optics (figure .
The set-up has been equipped with an Acton series 150 spectrometer and a ProEM
512 electron-multiplying charged couple device camera, both provided by Princeton
Instruments [130].

The spectrometer contains a multi-grating turret composed of a mirror and a set of
two gratings (150 grooves.mm and 300 grooves/mm), allowing conventional imaging
or spectroscopy measurements at different wavelength optimisations. Molecule ex-
citation is provided either by a Thorlabs M470L2 LED light source, or an ultrafast
laser. The light from the excitation source is filtered by a 472/20 nm bandpass filter
and reflected by a 500 nm long pass dichroic beamsplitter, to an oil immersion ob-
jective lens, thus reaching the sample. The fluorescence originating from the sample
is then filtered by a 490 nm longpass filter and coupled into the spectrometer by a

tube lens.

Sample position is being controlled by the A series microscope stage (for coarse

movements) as well as an nPoint piezo controller, for finer position control. The
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FIGURE 3.14: Schematic arrangement of the experimental set-up.

goal of our experiments is to measure, with a satisfying degree of accuracy, the
individual optical properties of a large number of single molecules and correlate

these properties with topographical data.

3.2.3 Time-correlated single photon counting

Fluorescence lifetime measurements discussed in this study have been measured by
means of the Time-Correlated Single Photon Counting, using an Avalanche Photo
Diode (APD) detector provide by Photonic Solution and a data acquisition software
package (SPCM) provided by Becker & Hickl. The APD detector and data acquisi-
tion software were integrated with the automation software described in section 3.1.
Reference [137] offers a detailed description of all the functions accompanying the
SPCM software.

Developed 50 years ago [I37HI40], the TCSPC method is a technique which is based
on detecting a single photon originating from a light signal as well as other char-
acteristics such as the detection time and how the time measurement’s waveform is

reconstructed. The operating principle of this method is shown in figure [3.15]

Since the fluorescence intensity is very low for high repetition rate, low level signals,

the probability of picking up multiple photons is very low. After exciting a sample
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F1GURE 3.15: The operating principle of Time Correlated Single-Photon Count-
ing

with a pulsed laser of known repetition rate, the detector will measure a train of
pulses which have been associated with single photons originating from the sample’s
fluorescence. After a set number of signal periods (when a sufficient number of
photons has been detected), a waveform is built with the arrival times of the single
photons detected in each period. This distribution of arrival times represents the

fluorescence decay curve.

Although the method is complex, it does hold several interesting features which

shows its reliability and advantages over older, analog methods.
Time resolution

In the case of analog techniques, the resolution is strongly dependent on the pulse
conveyed by the detector upon identifying a single photon (SER, single electron
response). For TCSPC, the time resolution is not limited by the detector’s SER,
but on the arrival times of the single photons. The accuracy at which these photons
are detected is called TTS (transit time spread). Since for any given detector the
TTS is significantly shorter than the SER, TCSPS has significantly better time

resolutions than classical analog techniques.

Counting efficiency

Ideally, the system should record all photons equally, which translates to infinitely

small response functions, negligible background and time channels that cover the
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entire detected signal. In these conditions, the signal to noise ratio (SNR) of a
single exponential lifetime would be directly proportional to the number of photons
(N), which corresponds to the signal to noise ratio for measuring the intensity o a

similar number of photons [141]:

SNR=+VN (3.2)

In TCSPC, all emitted photons will contribute, resulting in no counting loss. Cou-
pled with the very short instrument response function, the method is very close to

an ideal counting efficiency [142] 143]

Acquisition time

One important feature of the method is the acquisition time. Due to the low repe-
tition rates of early excitation sources and the level of electronics technology in the
1980’s, earlier methods were relatively slow and needed several minutes of acquiring

even one fluorescence lifetime curve.

However, modern sources have rates in the order of tens of MHz, which allows the
acquisition of fluorescence lifetimes in mere milliseconds thus allowing high speed

applications and real time measurements, important in biological studies.

3.3 Sample Preparation

PCDTBT (poly[N-9’-heptadecanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzo-
thiadiazole)]) was purchased from Ossila. The material had molecular weight of
38,800 g mol! (for PCDTBT) and a value for the polydispersity index of 1.8 [144].
The chemical structure of PCDTBT is shown in figure [3.16}

Single Molecule samples were prepared by dissolving the polymers in chlorobenzene,
containing polynorbornene (commercially known as ZEONEX and provided by Zeon
Chemicals), at a concentration of 4 g/L. The concentration of the polymers of inter-
est varied between 4 g/L and 5 ng/L. After preparing the polymer blends as above,
the solutions were spin-coated onto glass coverslips, for 60 seconds at 2000 rpm. A

schematic representation of a basic spincoating process is shown in figure 3.17]
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FIGURE 3.16: The chemical structure of the polymer used in this study.

e The substrates, in this case glass coverslips, is coated with 100 pl of a solution
chlorobenzene containing 4 g/I. Zeonex (used as a polymer matrix) and the
polymer of interest (PCDTBT) at concentrations between 4 g/L and 5 ng/L

(figure FTTh);

e The coated substrate is then rotated at a constant speed, in order to remove
the excess material and obtain a film of constant width (figure 3.17p);

e The airflow by the substrate rotating at high speed in the previous will dry the
solvent used to dissolve the polymer of interest, leaving on the surface of the

substrate a thin filmed containing only the molecules of interest (figure )

a b ¢

FIGURE 3.17: Schematic representation of the spincoating procedure.

The spincoating method has the advantage of being simple, it has fast drying times
for the prepared substrates, as well as consistency and highly reproducible samples.
Since the thickness of a spincoated film is inversely proportional to the square root
of the angular velocity (2000 rpm in this case), the result is an thin and uniformly
coated substrate with a thickness of 60 to 100 nm [145].

For testing the functionality of the experimental set-up and of the control software,

a series of samples with known fluorescent properties (excitation/emission peaks at
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540/560 nm) have been prepared, which contained orange carboxylate microspheres
of 100 nm diameter purchased from Life Technologies [146-148].
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FIiGURE 3.18: PL spectra of a single orange bead. Comparison between experi-
mental data (red curve) and data provided by the manufacturer (black curve).

The samples were deposited on cover slips from the stock solution, using 10? and
103 dilutions. According to the Molecular Probes product information catalogue,

the concentration of microspheres can be calculated using the equation below:

_ 60x10"

N= """
PXTXP3

(3.3)
where N is the number of spheres/mL; C is the concentration of spheres in solution,
in g/mL (0.02 in this case); p is the polymer density, in g/mL (1.05) and ¢ represents
the sphere diameter in pm. The formula gives us a concentration of 3.6 x 10'*and
3.6 x 10'° beads/mL for the 10? and 103-fold dilution respectively.

For testing the functionality of the experimental set-up, a series of SM experiments
were performed on samples coated with microspheres, as described above. Accord-
ing to the Molecular Probes Catalogue, the 0.1 pm orange beads had an emission

maxima of 560 nm [149] [150] which, as seen in figure [3.18] matches the PL spectrum

recorded by our experimental set-up.






Chapter 4

The fluorescence properties of
PCDTBT

4.1 Single molecule photoluminescence

4.1.1 Introduction

As mentioned in an earlier chapter, scientific interest in conjugated polymers has
increased recently due to their utility in developing and improving optoelectronic
devices. The defining characteristic for these polymeric materials is their main
molecular chain, composed of conjugated double bonds, a property which influences
the material’s conductivity and optical properties - characteristics which are relevant

for optoelectronic applications.

When a photon is absorbed, the segment absorbing the photon’s energy will form an
electron-hole pair, in an excited state. The energy of the chromophore containing
the exciton will strongly depend on the polymer’s nature, varying inversely with
the length of its backbone chain. Elongated polymers will contain low(er) energy
excited states. Furthermore, when a molecule’s length increases sufficiently, its con-
formation becomes a determining factor [32]. A very long molecule has the tendency
of folding on itself, the result of which is a shorter statistical length compared to
the polymer’s physical length. Long molecules also tend to form sharp bends in
their structure. Such collapsed conformations will cause sharp bends in the chain,

angles that produce traps which will restrict the transport of excited states [151].

61
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These factors, shorter statistical length and collapsed conformations, will cause the
emission of the excited state in the form of fluorescence at a higher energy (lower

wavelength) than one would initially expect [32H34].

There are several methods for studying the properties of conjugated polymers that
overcome the limitations imposed by the fundamental differences between macro-
and nanoscale. One such technique is SMS. As mentioned in chapter 1, the technique
was first a low-temperature method but advances have allowed for the method to
be applied at room temperature [I4]. Another method for studying the properties
of conjugated polymers is fluorescence lifetime imaging, a method which emerged in
the late 1980’s [I52]. The most common practical method for studying the lifetime
of excited states is TCSPC. A more detailed description of the method has been
given in section 3.2.3 but in principle the method relies in exciting a molecule with
very short laser pulses and measuring the arrival time of the photons emitted after
excitation. When the arrival time of a large enough number of photons has been

measured, a decay curve for the fluorescence emission is determined.

In this chapter we discuss the optical properties, studied by means of SMS and
fluorescence lifetime imaging, of PCDTBT.

4.1.2 Properties in bulk

Figure shows the absorption and PL spectra in bulk for a thin PCDTBT film.
As it can be seen, the absorption spectrum of the polymer is comprised of two broad
bands, peaking at 380 and 570 nm, which have been attributed to S¢-S; transitions,
in the case of the 570 nm peak, and Sy-S, transitions, for the 380 nm peak [I53].

These features are characteristic to polymers of similar structure and have been at-
tributed to m-n transitions between the donor and acceptor units [I54HI57]. The
splitting of the polymer’s electronic structure into two distinct bands has been at-

tributed to the large size of the monomer unit.

The blue curve in figure represents the PL spectra for a PCDTBT film dissolved
in Zeonex at a concentration of 4 g/l. It presents itself as a broad spectrum with
a peak at 700 nm and several broad shoulders at lower wavelengths. The shoulders
observed in the bulk PL are vibronic brands, due to the C=C double bonds. Both the
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FIGURE 4.1: The bulk absorption (black) and photoluminescence (blue) proper-
ties of a thin PCDTBT film

absorption and bulk PL properties are in good accordance with the data previously

reported in literature [I57HI60].

4.1.3 PL properties at different concentrations

Conventional microscopy techniques do have the capability of studying single molecules
to a limited extent. The factor that reduces the resolution of single molecule data
acquired by conventional means is the limit imposed by the instrument’s optical com-
ponents. This diffraction limit is defined as an inability to detect features smaller
than a theoretical limit, which is directly proportional to the wavelength of the light

used for exciting the sample.

There are several means to circumvent this limitation. One method is to lower
the concentration of the polymer films, PCDTBT in this case, until the physical
separation between individual emitters is larger than the instrument’s diffraction
limit. In ﬁgurewe show PCDTBT films at various dilutions. Figurereveals
a pure polymeric film. The materials shows itself as a continuous domain with few
observable characteristics. As we lower the concentration, sample morphology shifts
from a still relatively continuous film but with reduced intensity (figure 4.2(b)) to
isolated islands (figure and finally fully resolved individual emitters, in figure



Chapter 4. The fluorescence properties of PCDTBT 64

4.2(h)| The bright spots observed in figure4.2(h)|exhibit on/off blinking, a behaviour

characteristic for PL emission originating from single molecules.

(2) (h)

FIGURE 4.2: Fluorescence intensity maps of a PCDTBT film at various stages of
dilution: a) 4 g/1; b) 4 mg/1; c) 400 pg/l; d) 40 pg/l; e) 4 pg/l; f) 400 ng/l; g) 40
ng/l.

Another side effect of increased dilution is a visible change in PCDTBT’s photolu-
minescence properties. Figure 4.3|shows a series of PL emission spectra recorded for
PCDTBT films dissolved in Zeonex at several dilutions. As mentioned in the previ-
ous section, the pure film (concentration 4 g/1) has a PL emission characterised by a
broad peak at 700 nm and several narrower shoulders at lower wavelengths. When
concentration is lowered, interchain energy transfer and interactions with the host
matrix (responsible for the polymer’s red emission) gradually diminishes. Eventu-

ally, the contribution of individual polymer chains becomes dominant, which is seen
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as an increase in the intensity (compared to the intensity of the previously clearly
dominant feature) of peaks at lower wavelengths. This is shown in figure by the

blue and red curves.
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FIGURE 4.3: Series of bulk PL emission spectra recorded for PCDTBT thin films
dissolved in Zeonex.

4.1.4 PL and images at single molecule level

In figure [£.4] we show a typical fluorescence emission map originating from a thin
PCDTBT film at a concentration of 5 ng/l. Unlike the fluorescence emission maps
shown in figure [4.3] at this low concentration individual emitters are resolved and
can be easily observed. These features correspond to single polymer chains, although
a moderate portion of the emissive features may be attributed to small molecular

aggregates.

In order to study the polymer’s PL properties in SM domain, the intensity of each
of the bright features observed in the previously shows fluorescence map (identified
with PCDTBT single molecules) was plotted against wavelength and fitted with a

series of four gaussian functions.

Figure[d.5|presents the fluorescence emission spectra of two PCDTBT chains, recorded
in Zeonex at room temperature. Upon a closer examination, the PL properties of

PCDTBT single molecules differs from the emission observed in bulk for the pure
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FI1GURE 4.4: Typical map of PCTBT single molecule fluorescence emission, dis-
persed in Zeonex at a concentration of 5 ng/l.

polymer. Instead of one broad peak and several shoulders, in all cases the spectra
now have several narrower peaks at relatively lower wavelengths compared to the

clearly dominant feature at 700 nm observed for the pure material.
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FIGURE 4.5: Photoluminescence spectra of two PCDTBT single molecules

After recording the emission spectra for approximately one thousand emitters, the
recorded data was investigated in order to quantify the PL properties of PCDTBT at
nanometer scale. By using a gaussian fit, the dominant feature of each fluorescence
spectrum was determined. After collecting data for all one thousand SM’s, a statis-

tical distribution was built, by plotting the occurrence of each dominant peak at the



Chapter 4. The fluorescence properties of PCDTBT 67

corresponding wavelength with an accuracy of 2 nm. Over the obtained histogram,

a bulk PL spectrum recorded for a 5 ng/l film was overlapped.

Figure shows the results of this statistical analysis. As it can be seen, the statis-
tical distribution of the studied SM’s presents itself a complex function with several
distinct peaks. We indicate that only a small fraction of emitters, approximately
10% of the studied PCDTBT SM’s, are characterised by a dominant emission in the
range of 680 - 700 nm which corresponds to that of the ensemble PL. This occur-
rence is usually assigned to molecular clusters, formed by two or more intertwined
chains. The rest of single molecules are blue shifted and split into four distinct

regions peaking at 609 nm, 632 nm, 647 nm and 675 nm respectively.

80
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FIGURE 4.6: Statistical distribution of the dominant emission peak, recorded for
PCDTBT single molecules. Overlapped: the bulk emission spectrum of a thin
film recorded in Zeonex at a concentration of 5 ng/l.

4.1.5 Discussion on results

As seen in figures and [£.5] the dominant feature in the PL spectra of single
molecules is is shifted towards shorter wavelengths, compared to the fluorescence in
bulk. This spectral shift is due to the large separation between individual polymer
chains which will reduce interchain interactions as well as suppress energy transfers
between PCDTBT and the surrounding Zeonex matrix. A very similar effect was
observed for PFR in [16]. Having a structure somewhat similar to PCDTBT, in the

form of a carbazole unit followed by a benzothiazole group delimited by thiophene
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rings, the ensemble PL emission spectra as well as the SM emission spectra visibly

shift to lower wavelengths when compared to the bulk emission of a pure film.

In this circumstance, the interchain energy transfers appear to be fully suppressed,
which leaves intrachain transfers as the main means of energy transfer require to
quench the exciton formed by the excitation source which reduces the number of
sites accessible to the excited state. Also, the Zeonex matrix allows the polymer
chain to assume an elongated conformation. Due to an increase in the polymer
chain’s statistical length, the red fluorescence emission is cancelled, relatively few
molecules show a dominant fluorescence peak corresponding to that of the bulk

emission, allowing lower energy features to become dominant.

This substantial variation in the material’s optical properties at low concentration
suggests that interchain energy transfers are the main method of energy transport

in polymeric semiconductor devices.

4.2 Fluorescence lifetime imaging

4.2.1 Introduction

Fluorescence detection techniques have had wide applications in life sciences due to
their sensitivity and ability to study interactions on a single-molecule scale. Several

properties are important for characterising fluorescence signals [161], 162]:

e intensity. Dependant on the fluorophore concentration and its quantum effi-
ciency, fluorescence intensity maps are used for determining the spatial struc-

ture of the sample and localising fluorophores;

e spectrum. Usually independent of concentration, it is an intrinsic characteristic
of an emissive species, spectral images allow the identification of fluorohphores

in a sample.
e lifetime. Not dependant on concentration but does depend on the fluorophore’s

nature and its molecular environment

There are various methods available for measuring and imaging fluorescence decay

times, losing to a large number of instrumental methods of varying efficiencies,
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acquisition times or resolution [163, [164]. In this section we make use of TCSPC
(time-correlated single photon counting) in order to analyse the fluorescence decay
distribution of PCDTBT.

Originating in astronomical imaging techniques, such as the Faint Object Camera
mounted on the Hubble Space Telescope [165], TCSPC has clear advantages over
conventional CCD techniques, mainly the ability to measure the arrival times of
individual photons. The method relies on exciting the sample with a MHz range
light source, which creates a train of single photon events which are then used to
build a fluorescence decay curve. Although it provides a good signal to noise ratio
and temporal resolution, it has the disadvantage of being strictly one dimensional.
In order to solve this drawback, Becker & Hickl used a multidimensional approach to
the TCSPC method which, besides measuring the arrival times of single photons, the
method provides supplementary parameters like the location of a chromophore on
the image or the wavelength of the detected photons [I37]. The operating principle of
multi-dimensional TCSPC is similar to the one dimensional variation. The sample is
scanned with a focused laser with repetition rate in the MHz range. When a photon
is detected, the detector will determine its arrival time and coordinates within the
area that was scanned. A distribution of the arrival times of individual photons over

the spatial coordinates is then built.

4.2.2 TCSPC measurements

For the purpose of further studying the energy transfer in single molecules, a series
of fluorescence lifetime measurements were performed on PCDTBT films at two
different concentrations. In this experiment, excitation was provided by a 473 nm
pulsed laser and measurements were carried at the peak wavelengths observed in the
histogram shown in figure 1.6, 609 nm, 632 nm, 647 nm and 675 nm respectively,
through TCSPS methods (described in a previous chapter).

Figure shows the typical data acquired in this experiment, in the form of flu-
orescence intensity maps, at the two studied concentrations: 400 pg/l and 5 ng/l.

2. The intensity maps were

The area that was analysed was approximately 32 pm
obtained by recording a series of fluorescence decay curves at the wavelengths men-
tioned above. Each measured decay curve was integrated and arranged in a 64 x

64 matrix, the result of which being a fluorescence intensity map of the PCDTBT
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FIGURE 4.7: Fluorescence lifetime maps of a PCDTBT film at 400 pg/l (a) and
5 ng/1 (b).

film. Consistent with the PL intensity maps shown in figure 4.3 the morphology of
the polymer film is dependent on concentration. At high concentration the material
forms a series of large isolated islands (figure 4.7(a)) and as the concentration is re-

duced, the PCDTBT islands decrease in size until single molecule domain is reached

(gure [T(D)).

4.2.3 Time-resolved analysis

After the sample surface was scanned at the wavelength of interest, areas containing
single molecules were selected and the pixels associated with single molecules were
analysed by using an exponential function (equation [4.1)). An example of lifetime

decay curve fitted with the exponential function was given in chapter [3] section 3.1.2.

I(t) = Ae~ (4.1)

where A represents the amplitude of the fluorescence emission, in arbitrary units; t

is the time, in ns; and T is the fluorescence lifetime, in nanoseconds.

Fluorescence lifetime was measured for both concentrations (bulk and SM level) and
treated with the exponential function, as described above. After analysing a large
number of emitters, a statistical analysis was performed, in which the occurrence of

the acquired fluorescence lifetimes were plotted in a series of histograms. Figures
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and show the result of the statistical analysis, categorised by concentration

and wavelength.
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FIGURE 4.8: Statistical distributions of the fluorescence lifetimes corresponding
to the four emission peaks observed in figure for a PCDTBT film at 400 pg/1:
a) 609 nm; b) 632 nm; ¢) 647 nm; d) 675 nm

After the mentioned histograms were built, the mean fluorescence lifetime was de-

termined by fitting the above mentioned histograms with equation 1.2

O = f(lk, u, 0) = (%) exp (— (1 + k%>_i> <1 PR “) T uw)

Equation is the probability density function for a generalised extreme value
distribution, where O is the occurrence of the fluorescence lifetime, t represents the
fluorescence lifetime, o is the probability function’s location parameter, o is the scale

parameter and k is the shape parameter.
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FIGURE 4.9: Statistical distributions of the fluorescence lifetimes corresponding

to the four emission peaks observed in figure for a PCDTBT film at 5 ng/l:
a) 609 nm; b) 632 nm; c¢) 647 nm; d) 675 nm

Although the bulk measurements (400 pg/l) fit the generalised value distribution,

in the case of SM fluorescence lifetime measurements the probability distribution

function has the shape parameter k = 0, and equation becomes:

O = f(xk, 1, 0) = (%) exp (T; ”) exp (—exp <T - “)) (4.3)

4.2.4 Variation across concentration

The statistical analysis described in the previous section was performed on both con-
centrations. Afterwards mean fluorescence lifetime was determined, in the form of

the probability distribution mean and plotted against wavelength and concentration.
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FIGURE 4.10: Variation of the fluorescence lifetime for PCDTBT with wave-
length. Blue: 400 pg/l; black: 5 ng/l. The error bars were taken as one standard
deviation.

As can be seen in figure [£.10, the mean fluorescence lifetimes at single molecule
scale shows little to no variation across the wavelengths of interest. For the 4 ng/l
films, decrease of almost 1 ns was observed. This similarity in the lifetimes at
single molecule level, as opposed to the decay times in bulk, indicates that the main
process which accompanies the studied polymer’s optical properties in SM domain is
an intramolecular energy transfer between the various chromophores in the monomer
unit. Hence, energy transfers between chromophores is free and unrestricted in bulk
samples and molecular aggregates, a degree of freedom which is not present in single

molecules which are limited to energy transfers within the polymer chain.

The reduced lifetime in the bulk is an indication of transfer between molecules which
allows the excited stated to access traps and defects, thus reducing their lifetime.

This implies that energy transports in single chains are highly restricted.






Chapter 5

Blinking fluorescence of PCDTBT

single molecules

5.1 Introduction

Conjugated polymers are a class of organic materials that gained interest in recent
decades due to their application in developing and improving optoelectronic devices
[THIT]. The relationship between the properties of n-conjugated polymers and their
chemical structure in order to design materials for specific optoelectronic applica-
tions, since a material’s chemical structure influences its electronic properties as
well as chain morphology which can have powerful consequences on the optical and

electronic properties of a molecule [T66-170].

An important tool for analysing a molecule’s photo physical properties and mon-
itor the fluorescence of individual polymer chains is single-molecule spectroscopy,
which can be used to reveal processes that would otherwise be hidden in bulk mea-
surements. However, in spite of the method’s efficiency, fluorescent properties of
single molecules are sometimes impaired by a phenomenon called photoblinking,
with severe effects on the efficiency of SMS. This phenomenon is characterised by
a fluctuation of the fluorescent single, characterised by the presence of a dark (off)
state alternating with a bright (on) state [106, 107, [171].

Since photoblinking is a process that hinders the efficiency of single-molecule spec-

troscopy, there have been many attempts at identifying the mechanism responsible

5
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for fluorescence quenching, associated with the presence of dark states [83]. One can-
didate process which can explain the quenching process responsible for photoblinking
is triplet state dynamics. As explained by Barbara et al. in [130], fluorescence inten-
sity transient are a direct result of triplet quenching and triplet-triplet annihilation.
According to this mechanism, the initial fluorescence emission of a species is one
characteristic of a triplet-free molecule. As Sy to S; transitions occur, a build up of
triplet states also occurs. During the accumulation of triplets, reverse intersystem
crossing decay back to ground state eventually becomes a dominant process. Since
this mechanism reduces the photoluminescence yield of the emitting molecule, PL
intensity suddenly drops, resulting in a dark state in the fluorescence time trace.
Triplet-triplet annihilation eventually leads to a stable population of triplet states,
leading to increased fluorescence emission and the presence of an ”on” state. A sim-
ilar triplet quenching mechanism has also been reported by Schindler and Lupton in
[172]. Moreover, the authors also report a means of detecting triplet states at room
temperature by purging the analysed samples with air, a process which leads to a

strong PL flare followed by dynamic triplet quenching.

Besides triplet quenching, another process has been described as being responsible
for photoblinking. This second mechanism involves a charge transfer between the
studied single molecules and trap sites on the environment SM’s are embedded in
[T00, T73HI77). According to this mechanism, described by a charge tunnelling
model, a charge originating from a singlet or triplet state (an electron or perhaps a
hole) is tunnelled towards an acceptor in the sample enviroment thus quenching the
sample’s emission. Subsequently, the charges will be recombined by back tunnelling
thus restoring the sample’s emission[I73]. This process is characterised by a power
law distribution of on and off states, which originates in the exponential dependence

of electron tunnelling rates as well as donor/acceptor energy levels [173], [174].

5.2 Sample preparation and data collection

Samples for blinking fluorescence measurements have been prepared by means of
the same procedure used for preparing samples for photoluminescence and fluores-
cence lifetime measurements. PCDTBT was dissolved in chlorobenzene and a 4 g/L
Zeonex polymer matrix, at a concentration of 5 ng/L. A glass substrate was then

coated with the dilute polymer solution and then spincoated at a constant speed for
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Ficure 5.1: Confocal image of the polymer film surface at a concentration of 5
ng/l.

one minute, in order to obtain a constant film and to expel excess material. Due
to the high rotational speed, the solvent used to diffuse the conjugated polymer
evaporates, thus leaving on the substrate only PCDTBT molecules dispersed in a

Zeonex matrix.

After preparation, samples were mounted on the experimental set-up and excited
with a 80 MHz ultrafast laser. Unlike previous measurements, where a PL spectrum
was recorded for each emitter, single molecules were directly imaged with a CCD
camera and fluorescence time traces were measured by recording a series of consec-
utive confocal images of the film surface with an exposure time of 50 ms/frame. An
example of such frame is shown in figure Fluorescence time traces were gener-
ated from the acquired stacks by selecting the bright features in the image, identified
as single molecules. The fluorescence intensities of selected single molecules were in-

tegrated and the obtained values were plotted against time.

5.3 Results and discussion

Examples of blinking data is shown in figure 5.2} in the form of several randomly
selected fluorescence time traces for single PCDTBT molecules embedded in Zeonex

acquired as described in the previous section. The fluorescence trajectories reveal a
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FicUure 5.2: Examples of fluorescence time traces characteristic for PCDTBT
single molecules.

clear fluorescence intermittency which is evidenced by the presence of bright on states
alternating with dark states, characterised by low (most of the times negligible)
fluorescence emission. Data was collected over a time of 250 seconds, with a sampling

resolution of 50 milliseconds.

Due to the relatively infrequent nature of the blinking behaviour, analysing indi-
vidual molecules is not possible. Therefore, fluorescence intensity fluctuations of
over several hundred individual molecules were acquired and analysed. For this pur-
pose, the fluorescence intensity of a total of 275 trajectories was normalised and
combined. Figure [5.3 shows a cumulated histogram of the normalised fluorescence
intensity values. Three intensity levels are noticed, illustrated by coloured Gaussian
peaks, associated with a dark level (blue curve), an intermediate level (red curve)
and a bright level (green curve), a behaviour also shown by Vanden Bout in [83] for
a PPV-PPyV copolymer. Furthermore, histograms of the intensity levels for each
individual fluorescence transient was built. As seen in figure figure [5.4, although
there are three separate intensity levels, individual time traces only show two dis-
tinct levels, in the form of a bright level and a dark or intermediate level. A similar
behaviour has been reported in [106] for MEH-PPV.

Since fluorescence blinking on the studied material occurs rather infrequently and
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FiGurE 5.3: Cumulated intensity histogram of a collection of single molecule
fluorescence intensity transients.

analysing individual molecules is not possible, all following analysis has been done
for the entire population of 275 PCDTBT molecules.

We first analyse the distribution of blinking times. For this purpose, on and off times
have been plotted on a logarithmic scale. The data follows a linear fit, therefore the

distribution of on and off times can be described by the power law function shown

in equation 5.1}

P(r)= P ™™ (5.1)

where P(1) represents the distribution of on and off times, t is the on or off blinking
time for a population of 275 PCDTBT single molecules and m is the power law

exponent.

As seen in figure 5.5, both on and off times are power law distributed, with a power
law exponent m,,=1.21 for on times and m,g=1.06 for off times respectively. As also
indicated in [I75HI79], power law exponent values between 1 and 2 are an indication
of a charge tunnelling model. According to this model, a charge transfer takes place

between the PCDTBT molecules and certain localised states in the Zeonex polymer
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FiGURE 5.4: Fluorescence time traces of four PCDTBT single molecules and
corresponding intensity histograms.
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FIGURE 5.5: On and off time distributions for 275 PCDTBT molecules.

matrix. Following the electron tunnelling process, charges will recombine by reverse
tunnelling thus restoring the fluorescence of PCDTBT single molecules. A similar
result has been obtained by Clifford et. al in [I00] for a population of Atto647N

fluorescent dye molecules.
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Figure [5.6| shows histograms of the on and off time frequencies recorded form fluo-
rescence transients corresponding to PCDTBT single molecules. Statistical analysis
of blinking time occurrence was performed by means of a power law function in the

form of a Generalised Pareto probability distribution, described by equation [5.2]

P(r) = % (1 Ny i 9) o (5.2)
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FIGURE 5.6: Histograms of on and off times for PCDTBT single molecules.

where P(1) represents the frequency of on and off times, o is a scale parameter,
characteristic for the distribution’s spread, 6 is a threshold (or location), which
determines the value with which the distribution shifts from zero and k is a shape
parameter, responsible for stretching/shrinking the distribution curve. As seen in
figure [5.6], the histograms show a clear power law behaviour with 1,,=25.67 s and
Tog=41.19 s.

The value recorded for the mean off time (41.19 s) is significantly higher than the
corresponding on time (25.67 s). This likely indicates a photobleaching effect which,
unlike fluorescence blinking, is an irreversible mechanism. Due to the power of the
excitation source, chemical transformations are induced in the analysed material
which significantly (and permanently) lowers a fluorophore’s emission probability.
This photobleaching process, commonly an undesirable process, establishes a useful

time limit of a certain fluorophore [95].

The photoluminescence transients presented in figures[5.2] and [5.4) may seem random
at first but they follow a very well defined statistical distribution, that can be of

use in identifying the source of the emission. For this purpose, there is a means
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of analysing the time trace data, by calculating a shift in the fluorescence intensity
of the measured points. The analysis was performed for over 200 PCDTBT time
traces and in figure we show histograms containing the statistical distribution of

fluorescence intensity differences for a few selected PCDTBT single molecules.

FIGURE 5.7: Histograms of the intensity difference between points from measured
individual fluorescence time traces.

As seen, the histograms are characterised by a main gaussian peak at zero, with a
width of approximately 50 intensity units, and one or two side peaks. There are
two sets of side chains, one category at +/- 200 and a second category, above 500
intensity units. In good accordance with data presented earlier (figures and,
this analysis shows the presence of three states: an ”off” state, and two separate
“on” states. As also seen in figure [5.4], although there are three states, only two are

present at any given time.

One likely cause for the features observed in figure is a fluorescence emission
originating from a single chromophore. In this case, the jumping events can be asso-
ciated with a single chromophore reversibly switching between two different states,

as also seen for certain dye SM’s [I80]. Also, another equally likely mechanism is
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multiple chromophore emission, equating with two chromophores with similar prop-
erties. In this situation, the light source does not directly excite the fluorophore, but
another chemical group in a high energy state. The created excited state will then

migrate through the polymer chain by means of an intramolecular energy transfer.

The triplet states responsible for the blinking behaviour are usually extremely short
lived (with lifetimes in the range of a few ms). Due to the sample rate of 50 ms used
in this study, only the deep states were analysed, characterised by a long lifetime.
Considering the fluorescence blinking analysis in this chapter, as well as the relatively
broad SM fluorescence emission presented in chapter [, this switching behaviour
can be associated with the presence of an intramolecular aggregate resulting from a
folding of the polymer backbone which allows direct interactions between different
chemical groups on the same chain, which case the appearance of deep traps. Folded
polymer chains, leading to the presence of an intramolecular aggregate has been

reported previously [112] [181].






Chapter 6

Conclusions

6.1 Summary

6.1.1 Automation

Since single molecule experiments are usually rather slow, due to the time required to
manually measure a sufficient number of emitters for any significant investigation, a
first goal of the project was to automate and optimise the single molecule fluorescence
experimental procedure as well as the data analysis method. The rationale behind
this goal is to allow the acquisition and analysis of data from a large number of
single molecules in a reasonable amount of time. Results of this optimisation are

shown in chapter [3]

Initially, a series of LabVIEW based applications have been devised and carried
out, to verify the utility of the proposed task. The original application shown to
be feasible but there were certain obstacles, related to the application’s speed due
to problems of compatibility between the toolkits and packages used in designing
the application. This lead to replacing the initial LabVIEW application with a new
sequence of hardware and software packages that solved earlier design issues. In
order to test the performance of the now automated set-up and the reproducibility
of any obtained results, PL emission from a sample of polystyrene microspheres has
been measured and compared to the manufacturer’s data sheet. Experiments yielded
a PL spectrum with a main emission peak at 560 nm, which accurately matches the

fluorescence properties provided by the manufacturer.

85
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Analysing the large quantity of data provided by the experimental set-up was achieved
by means of a series of Matlab applications (presented in appendix [A| and . The
code uses the data file generated by the set-up in order to build fluorescence maps
as well as detect, generate and characterise the PL spectra of emissive features of

significance.

Automating the data acquisition and analysis provided us with an exceptionally
flexible experimental set-up and procedure, allowing the investigation of various
types of samples such as polymer films and biological samples. Depending on the
mode of operation, several experiments can be performed: mapping the sample
surface, image acquisition, photoluminescence spectroscopy and fluorescence lifetime

imaging.

6.1.2 Single molecule photoluminescence

A second objective of this project was studying the photoluminescence properties
in single molecule domain and revealing possible mechanisms responsible for the
emission of light when exciting a polycarbazole deviated conjugated polymer, com-
mercially known as PCDTBT. This has been achieved in chapter [d, by means of

photoluminescence spectroscopy and fluorescence lifetime imaging.

Firstly, the materials; properties in bulk were determined. The polymer’s absorption
is characterised by the presence of two main peaks at 380 nm and 570 nm respec-
tively, attributed to n-n" transitions of an excited state. The PL properties of a pure
PCDTBT film are in the form of a broad spectrum containing a main peak at 700

nm and a series of side shoulders corresponding to double C - C bond vibrations.

Low concentration PCDTBT films were analysed by means of fluorescence spec-
troscopy. The measurements reveal complex PL spectra for individual molecules,
containing four main emission peaks at 609 nm, 632 nm, 647 nm and 675 nm. A
statistical analysis of over 1000 single molecules suggests that the majority of SMs
exhibit fluorescence emission at energies higher than that of the bulk material. This
is due to the large separation between individual emitters which effectively sup-
presses intermolecular energy transfers, leaving intrachain transfers as the dominant

mechanism.
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Fluorescence lifetime imaging shows little variation of PCDTBT single molecule
decay times, indicating an intramolecular energy transfer between the polymer’s
repeating units. Compared to fluorescence lifetime at single molecule level, fluo-
rescence decay measured in bulk shows a visible decrease of the measured decay
times. This is an indication that the energy of formed excited states is transferred
without restrictions between individual chromophores in a concentrated film. The
observed reduction in the fluorescence lifetime of the bulk material can be explained
by the ability of the excited state to recombine by accessing various traps present
in the sample, a mechanism not available for single molecules which are limited to

transitions within the molecule.

6.1.3 Photoblinking

The final experiment performed in this study has been a fluorescence time trace ex-
periment, which is presented in chapter[5] This experiment is important for revealing
the source of the fluorescence emission as well as possible mechanisms regarding the
infrequent fluorescence emission encountered in single molecule photoluminescence.
To this end, the fluorescence blinking of over 250 PCDTBT single molecules has

been acquired and analysed.

Power law distribution analysis of the observed time traces yielded a power law ex-
ponent of 1.21 and 1.06 for on and off times respectively. This indicates a tunnelling
mechanism in which charges, represented by excited electrons or holes, are trans-
ferred from the polymer molecules to trap sites on the surrounding matrix, thus
quenching the fluorescence emission. Following this transfer, charges will then be

recombined and fluorescence is restored.

The high value of the average off time, nearly double that of on time, reveals the
presence of a photoblinking reaction. A side effect of the excitation power, photo-
bleaching permanently annihilates PL emission by inducing certain chemical changes

in the emitting structure.

Results also show that although the presence of three separate intensity levels has
been shown, individual emitters only displaying two events (in the form of a dark
state and one bright state). A possible mechanism that can explain the presence

of this behaviour is an emission originating from two chromophores with nearly
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identical properties. This can be correlated with SM spectroscopy results, showing
the presence of an intramolecular aggregate. Intramolecular aggregates are a direct
result of a folding of the polymer chain, a process that allows direct interactions

between various chemical groups within the molecule.

6.2 Conclusions and future work

In conclusion, SM spectroscopy as well as fluorescence lifetime measurements re-
vealed a suppression of interchain energy transfers, leaving intramolecular transfers
as the dominant mechanism which controls the polymer’s fluorescence properties.
This is supported by the higher fluorescence emission in single molecule domain
compared to PL emission in bulk as well as an apparent lack of variation in the

fluorescence decay times of single molecules.

Photoblinking experiments show that the most likely mechanism responsible for
fluorescence quenching involves electron/hole tunnelling between PCDTBT chains
and the host matrix. Fluorescence time traces also display the presence of three
distinct states (one dark state and two separate bright states) but only two jumping
events for a given molecule. This indicates that excitation and emission take place in
different sections of the polymer backbone. A means of explaining this phenomenon
is by associating the polymer’s photoblinking with the presence of intramolecular
clusters, a direct consequence of folding the polymer chain, thus allowing a direct

interaction between different fluorophores on the molecule.

There are several approaches that can be taken in order to improve upon and expand
the work presented in this report. One such possible improvement is to upgrade and
accelerate the experimental set-up’s automation as well as the data analysis code.
This will allow us to measure and analyse more single molecules in one sitting, which
will lead to a more precise statistical treatment of a certain material?s photo physical

properties.

Furthermore, another approach for future research would be an attempt at corre-
lating the photophysical properties of PCDTBT with morphological data, mainly
the shape and folding of single polymer chains. There are a number of experiments
which can achieve a correlation between optical and morphological properties. One

possibility is to analyse the optical properties of conjugated polymers with a chemical
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structure similar to that of PCDTBT, which will help in establishing a relationship

between he structure and function of a conjugated system.

Also, the inclusion of new experiments can achieve in establishing a structure-
function correlation, such as polarisation anisotropy, scanning probe microscopy
(AFM or STM) and even various sample preparation methods (such as using differ-

ent types of polymer matrix to dissolve the conjugated polymer of interest).






Appendix A

Fluorescence Data Analysis Code

A.1 Main Script

%load data

data=readSPE(’...’);

imnum=5;

%get the summed image and the summed stack
XWidth=100;

YWidth=100;

maxarea=9;

store_threshold = 9000000;
frames=length(data) ./ (XWidth*YWidth) ;

[summed_stack,summed_image] = SM_build_image_spectra(data,XWidth,. ..

YWidth,frames );

%get the points of interest;
threshold = store_threshold;

number_points=zeros(1,100);
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for Q=1:100

threshold=threshold-(Q*(1000));

[ statsl,templ,temp2 ] = SM_slected_SM( summed_image,threshold );
number_points(Q)=size(find([statsl.Area] <maxarea),2);

end

[x, i ]= max(number_points);

threshold = store_threshold;
threshold=threshold-(i*(1000));
[ stats,holdall,BT ] = SM_slected_SM( summed_image,threshold );

%get the background
if frames==
[ summedb,summedbs ] = SM_calculate_background_spectra( data );

end

if frames==
[ Corrected ] = SM_return_corrected_spec( data,summedbs,holdall,...
XWidth,YWidth );

end

disp(size(Corrected));

% get fluorescence spectra
centw=650;
w=1:1:size(Corrected,?2);

Xdata=centw-54+(wx(108/512)) ;

Sections=[10 15];

fitres=zeros(size(Corrected,3),4,3);
fitresults=zeros(size(Corrected,3),12);
for Q=1:size(Corrected,3)

Spectra(:,1)=Xdata;
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int=smooth(sum(Corrected(:,:,Q),1));

spec=int;
Spectra(:,2)=(spec-min(spec))/(max(spec)-min(spec));
[fitresults(Q,:) ] = SM_fit_spectra( Spectra );
disp(100*Q/size(Corrected,3));

end

% get dominant peaks
a=fitresults(:,[1:4]);
b=fitresults(:,[5:8]);

A=transpose(a) ;

maxValue=zeros(Q,1);

rowIdx=zeros(Q,1);

for n=1:Q
[maxValue(n,:), rowlIdx(n,:)] = max(A(C:,n),[],1);

end

row=transpose(1:Q);
col=rowldx;

v{imnum}=b(sub2ind(size(a) ,row,col));

plot histogram

if numel(v)>2

for k=1:numel(v)
peaks=cat(1,v{1:k});

end

histogram(peaks,’BinWidth’,1);

end

clear n; clear rowldx; clear A; clear row; clear col; clear maxValue;

clear a; clear b; clear imnum; clear k; clc;

imagesc (summed_image)
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hold on
plot(holdall(:,1),holdall(:,2),’y*’)

A.2 Secondary Functions

A.2.1 Building the image

function [summed_stack,summed_image] = SM_build_image_spectra(data,...

XWidth,YWidth,frames )
for I = 1:frames
summed_stack(:,:,I)=...
sum(data(:,:,1+((I-1)*XWidth*YWidth) : ((I)*XWidth*YWidth)),3);
end
summed_image=sum(sum(data,1),2);

summed_image=reshape (summed_image,XWidth, YWidth);

end

A.2.2 Selecting points of interest

function [ stats,holdall,BT ] = SM_slected_SM( summed_image,Threshold )
indx=find (summed_image > Threshold) ;
blank=zeros(size(summed_image,1),size(summed_image,2));

blank (indx)=1;

BT= im2bw(blank,0.5);

stats=regionprops (BT, ’PixellList’,’Area’);

for Section_number=1:size(stats,1);



Appendix A. Fluorescence Data Analysis Code 95

clear positions;
positions(:,1)=stats(Section_number) .PixelList(:,1);

positions(:,2)=stats(Section_number) .PixelList(:,2);
values=zeros(1l,size(stats(Section_number) .PixellList,1));

for Q=1:size(stats(Section_number) .PixellList,1)
values (Q)=summed_image (positions(Q,2) ,positions(Q,1));

end
[q,indy]=max(values) ;

holdall(Section_number,1)=positions(indy,1);
holdall(Section_number,2)=positions(indy,2);

end

end

A.2.3 Selecting and subtracting the background
function [ summed,summeds ] = SM_calculate_background_spectra( data )

Jbottom 107
section_range=floor (length(data)/10);

back=sum(sum(data,2),1);
background=sort (back) ;

background=reshape (background,1, [1);
background_min=background(section_range);

ind=find (back<background_min) ;

for J=1:length(ind)
summed(:,:,J)=data(:,:,ind(J));
end

summeds=sum (summed,3) ./section_range;
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end

A.2.4 Generating PL spectra

function [Corrected] = SM_return_corrected_spec(data,summedbs, ...

holdall,XWidth,YWidth )
for J=1:size(holdall,1)

indx=sub2ind ([XWidth,YWidth] ,holdall(J,2) ,holdall(J,1));
Corrected(:,:,J)=data(:,:,indx)-uint16(summedbs) ;

end

A.2.5 Fluorescence spectra and peak fitting
function [ fitresults ] = SM_fit_spectra( Spectra )

ft = fittype( ’gauss4’ );

opts = fitoptions( ’Method’, ’NonlinearLeastSquares’ );
opts.Display = ’0ff’;

opts.Lower = [0 600 0 0 620 0 O 640 0 0 660 0];

opts.Upper = [Inf 620 Inf Inf 640 Inf Inf 660 Inf Inf 700 Inf];
[fitresult, gof] = fit( Spectra(:,1), Spectra(:,2), ft, opts );

fitresults(l)=fitresult.al;
fitresults(2)=fitresult.a2;
fitresults(3)=fitresult.a3;
fitresults(4)=fitresult.a4;



Appendix A. Fluorescence Data Analysis Code 97

fitresults(b)=fitresult.bl;
fitresults(6)=fitresult.b2;
fitresults(7)=fitresult.b3;
fitresults(8)=fitresult.b4;

fitresults(9)=fitresult.cl;

fitresults(10)=fitresult.c2;
fitresults(1l1l)=fitresult.c3;
fitresults(12)=fitresult.c4;

end
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Fluorescence Time Trace Data

Analysis Code

B.1 Main Script

load(’data.mat’);
t=transpose([0.05:0.05:250]);

[.1:1e-1:.4];
[1:50];

0
I

curve=data(:,2);

new_curve=(curve-min(curve))/(max(curve)-min(curve)) ;
newdata=smooth(new_curve) ;
[deriv,minmax,stats,time]=AnalyzeEdges(newdata,S,T);

time2=timex*x0.05;
res=[time2(1,1) ;diff (time2)];

res(1:2:end,:);
res(2:2:end, :);

states(:,1)

states(:,2)
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disp(sprintf (’State 1\t State 2’));
for i=1:length(states)
disp(sprintf (’%5.2f\t%5.2f’, states(i,1), states(i,2)));

end

B.2 Edge Analyzer

function [dData,minmax,stats,time2] = ...

AnalyzeEdges(data,scales,thresholds,timestep,startTime,endTime,tranRad )

t=transpose([0.05:0.05:250]) ;
if (nargin < 7)
tranRad = 1;
end
if (nargin < 6)
endTime = 10;
end
if (nargin < 5)
startTime = O;

end

% time scale
if (nargin < 4)

timestep = 1;
7%5d\t%5.2f\t%5.2f;

format

else

format = ’%5.2f\t%5.2f\t%5.2f";

end

if (nargin < 3)
thresholds = T;
end

if (nargin < 2)
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scales = S;

end

% Limit analysis to time region specified

if (nargin < 4) % no time data specified
time = 1:length(data);

elseif (nargin < 5) % scale specified, but no range
time = O:timestep: (length(data)-1)*timestep;

elseif (nargin < 6) % scale and start time specified

data = data((startTime/timestep)+1:end);

time = startTime:timestep:(length(data)-1)*timestep + startTime;
else % scale and region specified

data = data((startTime/timestep)+1:(endTime/timestep)+1);

time = startTime:timestep:(length(data)-1)*timestep + startTime;

end

% Create the derivative scale space--minima and maxima of the derivative
% correspond to transitions

dData = CreateGaussScaleSpace(data, 1, scales);

% Find the position of local minima and maxima of the most coarse scale
minmax = FindLocalExtrema(dData(:, end), thresholds(end), scales(end));

minmaxIdx = find(minmax) ;

% Refine min/max positions through scale space

for i = size(scales)-1:-1:1
minmax=FindLocalExtrema(dData(:,i),thresholds(i),scales(i) ,minmaxIdx);
minmaxIdx = find(minmax) ;

end

% Find the data statistics in each region

stats = RegionStats(data, minmaxIdx, tranRad);

% Plot detected transitions over original data
figure;

plot(t, data,’k’);
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hold on;
plot(t, 1.0 * minmax * max(data(:,end)), ’b’);
hold off;

time2 = NaN(length(minmaxIdx)+1,1);

% Print region statistics

% disp(sprintf(’ Time\t Mean\t Stdv’))

for i = 1:length(minmaxIdx);

% disp(sprintf (format, time(minmaxIdx(i)), stats(i,1), stats(i,2)));
time2(i) = time(minmaxIdx(i));

end

% disp(sprintf (format, time(length(data)), stats(end,1), stats(end,2)));

time2(i+1) = time(length(data));
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